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ABSTRACT
The primary objective of this thesis research is to greatly advance the knowledge
of the formation mechanism and thermodynamic stability of a unique class of surficial
amorphous films (SAFs) and analogous intergranular films (IGFs) via critical
experiments and modeling. These quasi-liquid IGFs and SAFs films exhibit the following
distinct characteristics: 1) self-regulating (equilibrium) thicknesses on the order of 1 nm,
2) structures and compositions that are neither found nor stable as bulk phases, and 3)
thermodynamic stability below the bulk solidus lines.
The first part of this study examines anisotropic wetting of ZnO single crystals by
Bi2O3-rich liquid with and without the presence of SAFs. For Bi2O3 on the ZnO (1120)

surfaces wherein nanometer-thick SAFs are present in equilibrium with partial-wetting
drops, the measured contact angle decreases with increasing temperature, but it levels off
above 860 °C. In contrast, the contact angle is virtually a constant on the (1100) surfaces
where SAFs are not present. This observation provides a critical piece of evidence
supporting a generalized Cahn critical point wetting model. The observed "residual"
contact angle of 4–6° and the extended SAF stability in the solid-liquid co-existence
regime are quantitatively explained on the basis of an attractive van der Waals London
dispersion force.
In the second part of this study, vanadia-based SAFs were observed on TiO2
surfaces in V2O5-TiO2 binary system and six V2O5-TiO2-based ternary oxide systems (Ti–
V–X–O; X = P, Na, K, Nb, Mo or W). This is a model "monolayer" catalyst system. It is
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demonstrated that the film appearance and thickness can be tailored via co-doping or
changing the equilibration temperature. Furthermore, the observed discontinuous changes
in film thickness, hysteresis and bimodal thickness distributions indicate a first-order
monolayer-to-multilayer adsorption transition, the existence of which was revealed for
the first time to our knowledge. In addition to the theoretical significance, such interfacial
transitions are of practical importance because they can cause abrupt changes in transport
kinetics and material properties.
This study contributes to the general high-temperature wetting and adsorption
theories for oxides by critically testing several hypotheses in the above-mentioned
systematical in-situ wetting and high-resolution transmission electron microscopy
experiments. Moreover, the characterization of more than 850 independent films in V2O5TiO2 based systems as functions of equilibration temperature, anneal time, thermal
treatment history, co-doping, overall composition, and TiO2 phase and orientation
represents the most systematic measurement of similar interfacial films to date, providing
a critical dataset for establishing thermodynamic models for SAFs and analogous IGFs.
Further studies should be conducted to exploit SAFs with self-selecting thickness in
applications such as supported oxide catalysts, ultrathin dielectric films, and morphology
control of nanocrystals.
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CHAPTER ONE
INTRODUCTION
Nanoscale, impurity-based, intergranular films (IGFs) have been widely observed
at grain boundaries (GBs) and hetero-interfaces in ceramics and metals (Fig. 1.1(a)) [1].
Recently, films of similar character have been observed in a few oxide systems (Fig.
1.1(b)) [2]. These films are called surficial amorphous films (SAFs), although some
partial structural order generally exists within them. These IGFs and SAFs exhibit
self-selecting or "equilibrium" thickness, and they represent non-wetting conditions.
Furthermore, quasi-liquid IGFs and SAFs can be stabilized below the bulk solidus
temperatures, where analogies to the simpler interfacial phenomena of premelting (in
unary systems) [3, 4] and prewetting (in binary de-mixed liquids) [5-7] can be made.
Alternatively, these liquid-like IGFs and SAFs can be interpreted as a special class of
disordered multilayer adsorbates.
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(a)
(b)
Figure 1.1: High-resolution transmission electron microscopic images of (a) an
intergranular film (IGF) and (b) and a surficial amorphous film (SAF) in Bi2O3-doped
ZnO. Figures re-plotted from Ref. [8].

Motivated by the observation of anisotropic formation of SAFs in the Bi2O3-ZnO
system [9], this thesis research first examines the anisotropic wetting behaviors of Bi2O3
on ZnO single crystal surfaces with and without nanoscale SAFs using in-situ hot-stage
optical microscopy. This study contributes to the general high-temperature wetting and
adsorption theories by answering the following open questions:
•

Is wetting in the presence of nanoscale adsorbed films (i.e., SAFs) follows a
generalized Cahn critical-point wetting model [5]?

•

Does a complete wetting transition, expected from Cahn model, occur at a high
temperature?

Or, will it be inhibited by the presence of an attractive, long-range

van der Waals London dispersion force?
•

Will wetting "ridges" at triple lines, which were previously reported in
liquid-metal/oxide systems [10-12], also form in this liquid-oxide/oxide system?
Will these ridges be facetted due to high anisotropy of this oxide system?
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How

do they affect the wetting hysteresis?
The results of in-situ wetting experiments from this study [13], along with the
characterization of nanoscale surficial films in a prior study [8, 14, 15], establish
Bi2O3-ZnO as a textbook paradigm for high-temperature wetting and adsorption in oxides
[2]. This study also provides important insights into understanding analogous IGFs,
where similar in-situ wetting experiments are infeasible to conduct.
After completing the research in the Bi2O3-ZnO system, this thesis study further
examined adsorption and formation of nanoscale surficial films in the V2O5-TiO2 binary
system [16] and V2O5-TiO2-based ternary oxide systems [17]. It is known that titania
supported vanadia (V2O5/TiO2) is a model heterogeneous catalyst which is widely used in
hydrocarbon oxidation and ammo-oxidation reactions in petrochemical industry and for
selective catalytic reduction of NOx in vehicle exhaust process [18].

It is widely

believed that a monolayer of V2O5 adsorbates forms on the surfaces of TiO2 support in
these catalysts [19]. However, formation of nanometer-thick amorphous vanadia films
(i.e., multilayer adsorbates) on the surfaces of anatase and rutile was reported in the
V2O5/TiO2

system

[20],

it

was

unknown

whether

these

films

exhibit

equilibrium-thickness. The above controversy necessitates this research to seek
convincing evidence for the existence of equilibrium-thickness surficial films or
multilayer adsorbates in this system, and to further investigate their formation
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mechanisms.
This study further examines the thermodynamic stability of nanoscale surficial
films in V2O5/TiO2 based ternary oxide systems and exploits the idea of tailoring the
thickness and stability of these nanoscale films via tuning thermodynamic parameters
such as temperature and bulk chemical potentials [17]. The film thickness and stability
were measured as a function of the equilibration temperature, anneal time, thermal
treatment history, co-doping, overall composition, and TiO2 phase and orientation. This
study may provide scientific insights for designing and engineering supported oxide
catalysts. Characterization of more than 850 independent films represented the most
systematical measurements of similar interfacial films (i.e., surficial films and
intergranular films in all metals and ceramics) to date, providing insights into
understanding the thermodynamic stability of equilibrium-thickness surficial films.
This study also help understand analogous intergranular films, for which collecting large
amounts of data is difficult.
Finally, this study revealed the existence of a surface transition from monolayer
adsorption to nanoscale quasi-liquid films [16, 17]. The confirmation of this surface
transition is of crucial theoretical significance [21, 22].

In addition, such surface

transitions and analogous GB transitions are of practical importance because they can
cause abrupt changes in transport kinetics [23, 24] and material properties [1].
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CHAPTER TWO
LITERATURE REVIEW
2.1 Supported Oxide Catalysts
Heterogeneous catalysts are defined as catalysts that are in separate phases from
the reactants. Oxide and non-oxide ceramic materials have been widely utilized in
making heterogeneous catalyst systems. They are used as catalyst supports (such as Al2O3,
TiO2, SiO2, and ZrO2) because of their ability to withstand high temperatures and their
chemical durability and wear resistance. Various metal oxides, e.g., V2O5, MoO3 and
WO3, are also used as active catalytic species. Catalysts and catalytic supports constitute
the second largest market segment for technological ceramics after the electronic
ceramics.
Thermal spreading of V2O5, MoO3 and other catalytic oxides onto the surfaces of
refractory oxide supports (e.g., Al2O3 and TiO2) is widely used to disperse metal oxide
catalysts. Furthermore, the supports can modify the reactivity of catalytic oxides. Such
catalysts are called "supported oxide catalysts," which include V2O5/TiO2, MoO3/Al2O3,
CrO3/Al2O3, WO3/Al2O3, Re2O7/Al2O3, TiO2/SiO2, Fe2O3/SiO2, NiO/ZrO2, and
WO3/ZrO2 (where support phases are underlined) [1-3].
These supported oxide catalysts are often termed as “monolayer” catalysts,
because it is generally believed that monolayer surface adsorption of catalytic oxides is
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present. However, the surface structure of supported catalysts can be more complex. In
principle, the active surface catalytic species can be present in several forms: 1) separate
crystalline or amorphous phases of primary catalytic oxides; 2) intermediate compounds
of the primary catalytic oxides and the supports; and 3) solid solutions of the primary
catalytic oxides in the supports (with possible surface segregation of the solute within the
crystalline lattice) [3]. Moreover, in principle the catalytic species can also be 4)
multilayer adsorbates or equilibrium-thickness SAFs, akin to those observed for Bi2O3 on
ZnO [4-7]. The actual form in a particular catalyst should depend on the nature of the
active phase and the support, the amount of active catalyst material dispersed on the
support, and the thermal treatment conditions/history.
Titania-supported vanadia (VOx/TiO2) is widely used for partial oxidation and
ammoxidation of alkylaromatic compounds. It is also used for selective chemical
reduction of NOx. It is often regarded as a model "monolayer" catalyst. However,
formation of nanometer-thick amorphous vanadia films on the surfaces of anatase and
rutile was reported (Fig. 2.1) [8]. It is unknown whether the thickness of these films is
supply controlled or self-selecting (i.e. whether these films are equilibrium-thickness
SAFs discussed in §2.3).
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Figure 2.1: HRTEM images of nanometer-thick amorphous vanadia layer on the surfaces
of TiO2 (left) anatase and (right) rutile particles. Reprinted from Ref. [8].

In the development or design of catalytic systems, additives are often used to
promote catalyst activity or modify its selectivity. Moreover, impurities exist unavoidably.
Both additives and impurities (defined as "co-dopants" in this thesis) can significantly
influence on the surface structure and the catalytic performance [9].
This study explores the adsorption behaviors and thermodynamic stability of
nanoscale vanadia-based films in this model catalytic system.

The primary research

objective is to test several key hypotheses in high-temperature wetting and adsorption
theories for oxide systems, e.g., the existence of first-order monolayer-to-multilayer
adsorption transitions and the feasibility of tailoring surface adsorption structures via
tuning thermodynamic parameters.
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2.2 Related Wetting and Adsorption Phenomena
Brief reviews of several related wetting and adsorption phenomena are given in
this section. These phenomena include premelting in unary systems (§2.2.1), prewetting
in binary de-mixed liquids (§2.2.2), frustrated-complete wetting (§2.2.3) and multilayer
adsorption (§2.2.3).

These are simpler interfacial phenomena with phenomenological

similarities to the more complex intergranular and surficial films (IGFs and SAFs) in
multicomponent inorganic materials.

Critical comparisons of these related nanoscale

interfacial phenomena can be found in a recent review [10]. In this thesis study, we will
build/refine thermodynamic models for the surficial films in more complex binary and
ternary oxide systems via utilizing the physical principles underlying these relative
simple interfacial phenomena to explain our experimental observations.
2.2.1 Premelting
Premelting, also known as "surface melting", refers to the stabilization of
quasi-liquid layers at surfaces below the respective bulk melting temperatures in unary
systems. If the total crystal-vapor interfacial energy can be reduced by replacing a
high-energy crystalline surface with a crystal-liquid interface and a liquid surface, this
phenomenon will occur spontaneously. Experimental evidence for surface premelting has
been obtained in ice, lead, and other one-component systems. In-depth reviews of
premelting can be found in Refs. [11-14].
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There are two types of premelting.

In “complete premelting”, the thickness of

the surface liquid layer increases continuously with increasing temperature until it is
divergent at the bulk melting temperature. In "incomplete premelting," a surface
premelting layer of finite (microscopic) thickness forms at the solid-liquid-vapor triple
point in equilibrium with a partial-wetting liquid drop [12, 13]. For example, ice exhibits
incomplete premelting [13].
2.2.2 Prewetting
Prewetting transitions are wetting transitions occurring when the phase that does
the wetting is not yet a stable bulk phase [15].

Prewetting was initially proposed in

Cahn’s critical point wetting model [16] for binary liquid systems exhibiting miscibility
gaps and confirmed in organic and liquid metal systems [17-20]. This Cahn wetting
model predicted the occurrence of a first-order complete wetting transition in the
two-phase region within the miscibility gap. Furthermore, this model predicts
"prewetting" transitions in the single-phase region, which are first-order transitions from
low- to high- adsorption interfacial structures. The prewetting transition line terminates at
a surface critical point.
2.2.3 Other Related Phenomena: Frustrated-complete Wetting and Multilayer Adsorption
Both

premelting

and

prewetting
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are

wetting

phenomena

that

share

phenomenological similarities. The stabilization of premelting and prewetting layers can
both be considered as wetting of an α-γ interface by a metastable β phase, occurring
when the β phase that does the wetting is a metastable bulk phase [21].

In other words,

a thin layer of a metastable β phase can be stabilized at the α-γ interface if the increased
volumetric free energy to form a thin β layer (ΔGβ) is over-compensated by the reduction
in the total interfacial energy:

ΔG β ⋅ h < γ αγ − (γ αβ + γ βγ ) ,

(2.1)

where γαγ, γβγ, and γαβ are the excess free energies for α-γ, β-γ, and α-γ interfaces,
respectively. For example, for premelting at a free surface, the α, β, and γ phases are
the solid, liquid, and vapor phases, respectively, of a unary system.
In the simple premelting and prewetting phenomena, the film thickness is
generally divergent (h Æ +∞) as the phase boundary is approached (Fig. 2.2(a)). If the
divergence in film thickness is constrained by an additional attractive interfacial force, a
nanometer-thick interfacial quasi-β film can form in equilibrium with a partial-wetting
bulk β phase (Fig. 2.2(b)). This is the case for incomplete premelting of ice [12, 13]. In
wetting theories, the phenomena where nanoscale adsorbed films form in equilibrium
with partial-wetting droplets in dispersion-force controlled systems (molecular substances)
are known as frustrated-complete wetting [22], pseudo-partial wetting [23], or autophobic
wetting [24].
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Figure 2.2: (a) The thickness of the quasi-β film vs. chemical potential or temperature. (b)
A microscopic film persists at the coexistence and into the two-phase region, in
equilibrium with a non-wetting bulk β phase. Reprinted from Ref. [25].

Multilayer gas adsorption occurs widely at free surfaces; a review of multilayer
gas adsorption on inert substrates can be found in Ref. [26]. Prewetting transitions have
also been predicted for multilayer gas adsorption on inert substrates [10, 15, 26]. On the
other hand, prewetting in binary de-mixed liquids can be considered as a special case of
multilayer adsorption with significant mixing of adsorbates/matrix materials and
through-thickness compositional gradients [27]. In all cases, the Gibbs adsorption theory
is applicable, although it does not consider the details of spatially-varying compositions
or structures.
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2.3 Intergranular Films
Since the 1980s, a unique class of impurity-based, equilibrium-thickness,
intergranular films (IGFs) has been observed [28-60]. The most well-known case is
silicate-based IGFs at GBs in Si3N4 [28, 32, 42-44, 49, 50, 52, 54, 56-59, 61-85]. A
representative high-resolution transmission electron microscopy (HRTEM) image of a
0.8 nm thick IGF at a Si3N4 GB is shown in Fig. 2.3. Analogous IGFs has been observed
at GBs in other ceramic systems, including SiC [31, 37, 72, 86-93], AlN [94, 95] and
numerous oxide systems [33, 35, 36, 39, 46, 48, 53, 96-108]. Furthermore, IGFs of
similar character have been observed at metallic GBs [109, 110], at ceramic-ceramic
hetero-interfaces [34, 39, 53, 111, 112], and at oxide-metal interfaces [113, 114] . A
in-depth review of the experimental observations, models, and technological importance
of IGFs and analogous interfacial films can be found in Ref. [10].
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HRTEM

Si3N4 Crystal

Si3N4- SiO2 Glass

Si3N4 Crystal
Figure 2.3: A HRTEM image of a 0.8-nm-thick IGF in Si3N4. Reprinted from Ref. [40]

2.4 Surficial Amorphous Films
Free-surface counterparts to equilibrium-thickness IGFs have been observed in
several binary oxide systems. These films are termed surficial amorphous films (SAFs)
despite indications of some local or partial order existing within them. Prior to this study,
ZnO-Bi2O3 [4-7] and Si-SiOx [115] were the only two systems in which the
thermodynamic stability of nanoscale SAFs has been investigated systematically. Since
the first part of this thesis study seeks the answers to several unresolved questions in
ZnO-Bi2O3 via in-situ high-temperature wetting experiments, prior observations of SAFs
in ZnO-Bi2O3 are reviewed here [4-7].
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In ZnO-Bi2O3, nanometer-thick SAFs were observed to form preferentially on the
{11 20} surfaces (Fig. 2.4) [5]. The anisotropic film formation has been attributed to
induced order between the ZnO {11 20} surface and bismuth oxide structural units [5].
SAFs with similar character were observed in three phase regions as shown in Fig. 2.5.
These SAFs exhibit a self-selecting or "equilibrium" thickness, which is a
function of temperature and chemical potential. The equilibrium thickness, corresponding
to the Gibbsian excess of solute, is a function of temperature and Bi2O3 chemical
potential. The film thickness decreases monotonically with decreasing temperature in
the subeutectic range and vanishes at a lower prewetting transition temperature. With
increasing temperature, the SAFs persist into the solid-liquid coexistence regime, where
the nanoscale quasi-liquid SAFs are in equilibrium with bulk, partial-wetting, liquid
drops. These nanoscale SAFs are markedly enriched in ZnO. For example, the average
measured composition of the SAFs formed at 780 °C is 18 mole % Bi2O3, while the
near-eutectic equilibrium bulk liquid contains ~ 83 mole % Bi2O3 at the same temperature.
Nonetheless, a thermodynamic equilibrium exists between the quasi-liquid SAFs and the
bulk liquid phase.
These nanometer-thick SAFs, as well as their GB counterparts – IGFs, can be
considered to be [116]:
•

Impurity-based quasi-liquid films that adopt an "equilibrium" in response to
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several attractive and repulsive interfacial forces in a force-balance model
that can be considered as a high-temperature colloidal theory, or
•

multilayer adsorbates formed from coupled prewetting and premelting in a
diffuse-interface model.

The related interfacial phenomena of premelting, prewetting and frustrated-complete
wetting are reviewed in §2.4, and thermodynamic models are briefly discussed in §2.5.
Despite that equilibrium-thickness IGFs are widely observed in ceramics,
systematic data of temperature and chemical potential dependent film stability are
generally lacking due to the low efficiency of ion milling for TEM specimens.
Insufficient data make it difficult to develop and validate thermodynamic models. Using
a more efficient powder experiment, a more systematic data have been collected for
Bi2O3-enriched SAFs on ZnO surfaces [4-7]. Nonetheless, there are several open
questions, e.g.,
1) What are the different wetting behaviors with and without the presence of
nanoscale adsorbed surficial films?
2) Will the temperature stability of SAFs (and IGFs) follows a generalized Cahn
critical point wetting model?
3) Is there a first-order monolayer-to-multilayer adsorption transition? Can it be
understood as a coupled prewetting and premelting transition?
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4) Is a complete wetting transition inhibited by the presence of an attractive
London dispersion force?
The first part of this thesis study answers several unresolved questions in ZnO-Bi2O3 via
in-situ high-temperature wetting experiments [117]. Furthermore, the second part of this
thesis study investigates the adsorption behaviors and the stability of nanoscale SAFs in
the TiO2-V2O5 binary system [118] and TiO2-V2O5 based ternary systems [119]. In
these system, the measurement of more than 850 independent films represent the most
systematic characterization among any SAF or IGF systems that has ever been reported.
A combination of these studies greatly advanced our knowledge of the formation
mechanism and thermodynamic stability of nanoscale SAFs of self-selecting thickness;
furthermore, it provided insights into the understandings of analogous IGFs, where
similar in-situ wetting experiments is impossible and collecting a similar amount of
systematic data is infeasible.

Figure 2.4: HRTEM image of the anisotropic SAF formation. Reprinted from Ref. [5].
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(d)
Figure 2.5: (a) Schematic illustration of observed Bi2O3-enriched SAFs on ZnO {11 2 0}
surfaces in the phase regions of the ZnO-Bi2O3 binary bulk phase diagram. (b) Lines of
constant film thickness were superimposed on the same phase diagram. (c) Average
thicknesses vs. temperature in Bi2O3-saturated samples. (d) Schematic illustration of the
surface wetting and adsorption configuration for a Bi2O3-saturated ZnO specimen
equilibrated at 780 °C. Figures were adapted from Ref. [116].
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2.5 Prior Models for Surficial Amorphous Films
Thermodynamic models for these IGFs and SAFs in binary inorganic materials
can be developed by adopting and combining several basic physical concepts underlying
the simpler interfacial phenomena discussed in §2.2.

The stabilization of the

quasi-liquid interfacial films under conditions where the bulk liquid phase is no longer
stable is analogous to the theories of premelting and prewetting.

If an additional

attractive, vdW London dispersion force is present to limit the film thickness, IGFs or
SAFs can persist into the solid-liquid coexisting regime, in equilibrium with a
partial-wetting bulk liquid drop. Here, an analogy to the phenomenon of
frustrated-complete wetting [22] can be made.
As mentioned earlier, nanoscale IGFs and SAFs can be understood to be quasi
-liquid layers that adopt an equilibrium thickness in response to a balance among several
attractive and repulsive interfacial forces, including vdW London dispersion forces,
short-range forces of structural, chemical and electrostatic origins, and volumetric
thermodynamic terms [6, 10, 40, 41, 48, 120]. Alternatively (and equivalently), these
IGFs and SAFs can be considered as a special class of disordered (liquid-like) multilayer
adsorbates with compositions and interfacial excesses set by the bulk chemical potentials
[7, 116, 120].
In this section, a quantitative force-balance (pressure-balance) model for SAFs in
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Bi2O3 on ZnO is briefly discussed [116]. In this model, the excess free energy as a
function of film thickness h for an SAF, referred to the state of h = 0, is the sum of
several free energy terms:
Δσ (h) = Δγ −

A123
SAF
SAF
SAF
+ E struc
(h) + Echem
(h) + Eelec
(h) + (ΔGvol ⋅ h ) ,
2
12πh

(2.2)

with
Δγ ≡ γ cl + γ lv − γ cv( 0) .

(2.3)

The first term in Eq. (2.2) is the reduction in interfacial free energy when the crystalline
and "clean" crystal surface is replaced with independent liquid-vapor and crystal-liquid
interfaces. ΔGvol is the volumetric Gibbs free energy for forming a hypothesized
uniform liquid film from a mixture of the equilibrium bulk (crystal or liquid) phases.
When the film is thin (on the nanoscale), the two interfaces interact. Then,
additional interfacial interaction terms should be included in Eq. (2.2). The second term
in Eq. (2.2) is the non-retarded vdW London dispersion interaction, where A123 is the
Hamaker constant for the system air(1)/film(2)/substrate(3), for the asymmetrical
SAF
SAF
SAF
(h) , and Eelec
(h) are the
configuration of surficial films. Additionally, E struc
(h) , Echem

short-range interactions of structural, chemical, and electrostatic origins, respectively.
Although, these three terms are not independent in general, one can usefully approximate
them as one generic exponentially-decaying term [116]:
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Ereplusion = Δγ ⋅ e − h / ξ ,

(2.4)

where ξ is a coherence length. Then, Eq. (2.2) is simplified as
Δσ (h) = −

A123
+ Δγ (1 − e −h / ξ ) + (ΔGvol ⋅ h ) .
2
12πh

(2.5)

For Bi2O3-enriched SAFs on ZnO, the dispersion interaction is attractive, and the
Hamaker constant A123 was calculated to be +137 zJ [5]. Furthermore, Δγ was estimated
to be ~ -250 mJ/m2 and ξ was estimated to be 0.25 nm [116]. At large undercoolings, the
ΔGvol for amorphization is the dominant term [5]. A one-component equation based on
the film-forming additive was used to evaluate the magnitude of this term:
amorph
ΔGvol
= ΔS fusion ⋅ ΔT ,

(2.6)

where ΔSfusion and ΔT are the fusion entropy of the film-forming additive and
undercooling, respectively. Substituting the fusion entropy value of pure Bi2O3, the
equilibrium thicknesses at 600 °C, 650 °C, and 700 °C, respectively, were calculated to be
0.8, 0.9 and 1.1 nm, respectively. These results are 0.1-0.2 nm lower than the
experimental data [116]. The model-experimental agreements are rather satisfactory.
A more sophisticated interfacial thermodynamic model for SAFs (and IGFs)
should consider the through-thickness structural and chemical gradients. Such a model
has been developed using a diffuse-interface theory [116]. In this thesis, the experimental
results are analyzed primarily based on the modified force-balance models, which can be
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better quantified.
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CHAPTER THREE
EXPERIMENTAL
3.1 Powder Experiments
3.1.1 Specimen Preparation
Chemicals used in this study are listed in Table 3.1. Nano-sized TiO2 anatase and
rutile powders were purchased. As-received powders were annealed at 250 °C for 4 hours
to remove moisture. To identify the effect of different synthesis routes, specimens were
prepared by two impregnation methods for the V2O5-anatase binary system. In a dry
impregnation method, a physical mixture of pure crystalline V2O5 and nano-sized anatase
powder was used. In a wet method, anatase powder was impregnated with a mixed
solution of NH4VO3 and NH4OH, and the mixtures were dried at 85 °C overnight.
Additional cycles of wet impregnation and drying were used to add co-dopants to make
ternary oxide systems. Here, a co-dopant is defined as a cationic additive other than Ti
and V. Co-dopants of Mo, W, Nb, K, Na, and P were introduced via using the precursors
listed in Table 3.1. The dried specimens were annealed at 220 °C for 3 hours and calcined
at 450 °C (or 350 °C for selected P co-doped specimens to reduce P2O5 evaporation) for 3
hours in open containers to form binary or ternary oxides (although a small fraction of
carbonates was expected to remain in the specimens that were co-doped with Na and K.)

34

Table 3.1: Chemicals
Oxide

Oxide support

Precursor

Purity, %

Supplier

Anatase

99.7

Sigma-Aldrich

Anatase

99.99

MTI Corp.

Rutile

99.5

Sigma-Aldrich

Film-formation V2O5
additive

99.99
NH4VO3

99.995
Alfa Aesar

Co-dopant

WO3

(NH4)2WO4

99.99+

MoO3

(NH4)2MoO4

99.997

Nb2O5

Nb(HC2O4)56H2O No available

K2O

K2CO3

99.995

Acros

Na2O

Na2CO3

99.98

Fisher

P2O5

H3PO4 (85% aq)

99.95

Alfa Aesar

In both routes, the mixtures were isothermally annealed at desired equilibration
temperatures in closed container and then air quenched. Extra V2O5 powder was placed
between the two containers to reduce evaporation loss. Specimens were isothermally
annealed at each desired temperature for 4 hours unless otherwise noted.
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3.1.2 Characterization
Transmission electron microscopy (TEM) specimens were prepared by dispersing
the powders ultrasonically in acetone and dropping a small amount of the suspension
onto carbon-coated copper grids. Specimens were dried in a desiccator overnight. The
powder surfaces were characterized by high-resolution electron microscopy (HRTEM)
using a Hitachi 9500 microscope (300kV, 0.18 nm point-to-point resolution and 0.10 nm
lattice resolution; LaB6 single crystal electron source). Minimum exposure was used
during HRTEM to avoid electron beam damage. HRTEM images were recorded by a high
resolution (2K) CCD digital camera. A through-focus technique was used to find sharp
images. Scale bar was calibrated prior to thickness measurement.
X-ray diffraction (XRD) powder experiments were carried out using a Scintag
2000 diffractometer (Cu-Kα radiation, λ = 1.5418Å, operating at 40 kV and 35 mA).
XRD spectra were used for phase identification. XRD spectra were also used to estimate
the mean crystallite size of the TiO2 crystallites (dcryst) by using the Scherrer equation.
To examine the surface chemistry, X-ray photoelectron spectroscopy (XPS) was
performed using a KRATOS AXIS 165 spectrometer (Manchester, UK). The pressure in
the analysis chamber was on the order of 1×10-9 Torr. The X-ray source is from Al Kα
radiation, and it was operated at 12 kV and 10 mA.
The temperature-programmed reduction (TPR) experiments were performed on a
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CHEMBET 3000 testing set (Quantachrome Instruments, Boynton Beach, FL). In these
experiments, 0.5 g of powder was placed in a U-shaped quartz sample cell. The sample
was heated to 250 °C in a pure N2 gas flow, maintained at this temperature for 25 minutes,
and cooled to 100 °C. Then, the sample was subsequently brought into contact with a
high purity H2/N2 mixture (with a H2/N2 volume ratio of 5:95) at a flow rate of 85 cc
min-1 and heated to a final temperature of 750 °C with a constant ramp rate of 10 °C min-1.
The hydrogen concentration of the exit gas was monitored by a thermal conductivity

detector.

3.2 Single-Crystal High-Temperature Wetting Experiments
High-purity (99.99%) epi-polished (i.e. epitaxy ready) ZnO single crystals of
{112 0} , {1 1 00} , and {0001} orientations were purchased from Princeton Scientific

Corporation (Princeton, NJ) and MTI Corporation (Richmond, CA).
roughness of the as-received crystals is about 1 nm.

The surface

Crystals were ultrasonically

cleaned in de-ionized water and acetone, and dried in air.
Bi2O3-ZnO beads of desired compositions were made by melting a mixture of
high-purity ZnO (99.99%, Alfa Aesar) and Bi2O3 (99.999%, Alfa Aesar) powders.
Beads of < 0.1 mg were selected and used in the wetting experiments to reduce
gravitational effects.
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Bi2O3-ZnO beads were placed on the top of cleaned ZnO substrates and the
assemblies were used for in situ hot-stage optical microscopy measurements. Side-view
experiments were conducted to measure macroscopic contact angle as a function of
temperature and other controlled parameters using a tube furnace equipped with a
long-focal-length microscope and digital camera. The equipment for side-view test is
shown in Fig. 3.1. It is custom made by Thoughtventions Unlimited LLC, Glastonbury,
CT.
Contact angles were obtained by either drawing tangent lines to experimental
images or by fitting of the height-to-base ratios of the sessile drops assuming
hemispherical cap morphology. The latter method resulted in better repeatability (~ ±1°)
between experiments. The accuracy of the side-view experiments decreases as the
temperature increases since the contact angle becomes small and specimen glowing
increases, obscuring the image.
As complementary experiments, in situ top-view optical microscopy experiments
were conducted using a Linkam hot-stage cell (Linkham Scientific Instruments, Surrey,
UK) under a Leica optical microscope (Fig. 3.2), where the drop radii were measured.
Here the normalized radii (R/Rmax, where R and Rmax are the instantaneous and maximum
radius, respectively) were recorded.
Helium (He) gas flowed through the tube furnace or the hot cell at a constant rate
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during the measurement. Side-view experiments were also conducted in air, and the
measured results were found to be identical to those conducted in flowing He. The
measurement errors for top-view experiments were estimated to be ~ ± 3.5% from the
uncertainties in determining the drop edge locations.
In most of the wetting experiments, beads containing 3 wt. % ZnO (i.e. the
eutectic composition) were used and the heating rate was kept at 10 °C min-1. To
examine the effect of temperature-dependent liquidus composition, beads containing 6
and 10 wt. % ZnO were also tested. Heating rates of 50 °C and 100 °C min-1 were also
examined.
Isothermal drop receding kinetics were studied by holding the Linkam hot-stage
cell at a constant temperature (1050 °C) under constant He gas flow rate so that the liquid
drop shrinks as Bi2O3 evaporates. In these experiments, a high heating rate of 100 °C
min-1 was used to minimize the effect of evaporation before reaching the testing
temperature. To exclude artifacts due to ZnO precipitation, pure Bi2O3 beads were used in
these experiments.
A Hitachi S4800 field-emission scanning electron microscope (FE-SEM)
equipped with an energy-dispersive X-ray spectroscopy (EDXS) detector was used to
characterize the wetting configuration and morphology ex situ on solidified drops.
Specimens were coated with gold for SEM characterization.
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Figure 3.1: High temperature tube furnace for side-view observation.

Figure 3.2: In situ hot-stage microscope for top-view observation.
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CHAPTER FOUR
ANISOTROPIC WETTING OF ZnO BY Bi2O3 WITH AND WITHOUT
NANOSCALE SURFICIAL FILMS
4.1 Objectives and Motivations
This chapter reports a study of high-temperature wetting of Bi2O3 on ZnO single
crystals of different orientations with and without the presence of nanoscale surficial
amorphous films or SAFs (i.e., a special class of multilayer adsorbates). It contributes
to the general high-temperature wetting, prewetting and adsorption theories for ceramic
(oxide) systems. The motivations and objectives of this study are outlined as follows.
First, a prior study showed that Bi2O3-enriched SAFs form preferentially on
{112 0} ZnO surfaces, while {1 1 00} facets are devoid of films [1]. The anisotropic
formation of SAFs for Bi2O3 on ZnO provides a unique experimental opportunity to
critically examine wetting behavior with and without the presence of nanoscale SAFs. In
a broader context, quantitative measurements of temperature-dependent anisotropic
wetting can provide critical information to develop wetting and adsorption theories. If
anisotropic surface adsorption or structural transitions occur, comparison of wetting
behaviors on surfaces of different orientations at a constant chemical potential can be
particularly informative. To date, the only information in this regard is some qualitative
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observations made for Ge-Pb liquid on Pb in the presence of anisotropic premelting [2,
3].
Second, analogous wetting and prewetting/adsorption behavior is expected at free
surfaces and grain boundaries.

Similar force-balance and diffuse-interface models have

been proposed for surficial and intergranular films [4-7].
can probe the SAF formation mechanism.

Hot-stage in situ experiments

Furthermore, it can provide insights into the

understanding of analogous intergranular films or IGFs that were widely observed at
ceramic grain boundaries, where in situ experiments are more difficult to conduct.
Third, if wetting in the presence of nanoscale adsorbates follows a generalized
Cahn model, a transition to complete wetting is generally expected at a higher
temperature. When this complete wetting transition occurs, an adsorbed surficial film
becomes arbitrarily thick (h Æ ∞) and the Young contact angle vanishes (θY = 0) [1, 4, 6,
8]. This is due to an entropic interaction that thickens the adsorbed films with increasing
temperature [9].

The apparent occurrence of complete grain boundary wetting in

Bi2O3-doped ZnO [10, 11], where at lower temperature stabilization of equilibriumthickness IGFs was observed, supporting the Cahn model [12, 13]. However, another
analysis [14] has concluded that complete wetting cannot occur in the presence of a
long-range, attractive, London dispersion force. This study further probes this
controversial issue with in situ experiments of Bi2O3 on ZnO where the dispersion force
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is attractive and significant.
Finally, the phenomena of temperature-dependent dissolution wetting, formation
of faceted ridges and associated pinning effects, and anisotropic receding kinetics are
carefully analyzed in this study. These analyses exclude concerns of artifacts for the
wetting experiments. The study of faceted ridges and associated pinning effects, which
were not reported before, also enriches the high-temperature wetting theories.

4.2 Results
4.2.1 Anisotropy of Wetting
A typical side-view in situ optical micrograph of a liquid drop on the ZnO
single-crystal surface of {1120} orientation is shown in Fig. 4.1.

Figure 4.1: Representative in situ hot-stage optical micrograph of a Bi2O3-enriched drop
on a ZnO {1120} single crystal (side view).
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Fig. 4.2(a) shows that measured contact angle versus temperature for a Bi2O3 + 3
wt. % ZnO (eutectic) liquid drop on a ZnO {1120} surface, where nanometer-thick
SAFs are known to form [15]. On this surface, the contact angle decreases monotonically
with increasing temperature between ~750 and ~ 860 °C, but becomes a constant value
above ~860 °C. The mean contact angle for data measured between 900 and 1000 °C is
6.0°. Fig. 4.2(a) also shows the contact angles measured using a larger particle (9.4 mg)
versus standard < 0.1 mg particles, with air flowing instead of He, and direct
measurements from images as opposed to fitting the sessile shapes; the results are all
identical within the range of experimental errors. This shows that gravity, gas atmosphere,
and measurement method have no significant impact on the measured contact angles. The
mean (solid line) and standard deviation (error bars) for several measurements made on
{1120} surfaces are also shown in Fig. 4.2(a). Consistently, the radius of a liquid drop
measured in the top-view experiments increases monotonically with increasing
temperature until it levels off above ~860 °C (Fig. 4.2(b) and Fig. 4.3).
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Figure 4.2: (a) Contact angle vs. temperature measured in side-view experiments and (b)
normalized radius vs. temperature measured in top-view experiments.

In contrast, the measured contact angle of Bi2O3-rich drop is virtually constant on
the ZnO {1 1 00} surface (Fig. 4.2(a)), where nanoscale SAFs do not form [15]. The
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average measured contact angle on the ZnO {1 1 00} surface is about 14.6°. Consistently,
the radius of a liquid drop on the ZnO {1 1 00} surface measured in a top-view
experiment does not vary with temperature (Fig. 4.2(b)).
In Fig. 4.2, the specimens are eutectic (3 wt. % ZnO) liquid drops on ZnO
{112 0} and {1 1 00} surfaces, and they are heated at a rate of 10 °C per minute. The
error bars for the individual measurements (~ ±1° in repeatability) are not shown in (a)
for figure clarity; the means and standard deviations of multiple measurements for drops
on {112 0} surfaces using different conditions are shown.
In addition, the wetting behavior of a liquid drop on the {0001} surface of a ZnO
single crystal is similar to that on the {1120} surface. As shown in Fig. 4.3(a), the
measured contact angle decreases monotonically with increasing temperature until ~950
°C. Then, it levels at a constant angle of ~ 26°. Corresponding measured R/Rmax versus

temperature relation shown in Fig. 4.3(b) indicates a consistent trend. Because the basal
plane has a lower surface energy than {1 1 00} and {1120} planes, the wetting angle for
a drop on the {0001} surface is greater than that on {1 1 00} and {1120} surfaces at
the same temperature. There is spot evidence showing that nanoscale surficial films also
formed on the basal plane [16], but a systematic characterization has not been conducted.
During cooling, the contact angle is virtually independent of temperature, where the drop
is presumably pinned by ridges at triple lines.
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Figure 4.3: (a) Contact angle vs. temperature and (b) R/Rmax vs. temperature measured in
side-view experiments for 3 wt. % eutectic liquid on ZnO {0001} surface.
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4.2.2 Effects of Ramp Rate, Drop Composition and Hysteresis
The influence of heating rate was studied via in situ top-view measurements,
where 3 wt. % ZnO (eutectic) drops were heated at 10, 50, and 100 °C per minute,
respectively. The measured R/Rmax versus temperature is virtually identical (Fig. 4.4(a)).

1.0

1.00

0.8

0.90

0.6

R /R max

R /R max

Thus, any kinetic effects appear to be insignificant in these measurements.
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Figure 4.4: Normalized radius vs. temperature for experiments using different (a) heating
rates and (b) starting drop compositions. Error bars (± 3.5%) are not shown for figure
clarity.

While the solubility of Bi2O3 in ZnO crystal is insignificant (< 0.06 mol. % [17]),
the solubility of ZnO in Bi2O3 liquid is more significant and temperature-dependent [18].
The eutectic bulk liquid contains ~3 wt. % (~5 vol. %) ZnO at 740 °C; the equilibrium
ZnO concentration at the liquidus increases to ~6 wt. % (~10 vol. %) at 900 °C and ~9 wt.
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% (~15 vol. %) at 1050 °C, respectively [18].

Thus, some ZnO from the substrate will

be dissolved in the liquid during continuous heating, creating a concave pit on the
substrate. To exam this effect, three starting ZnO compositions (3, 6, and 10 wt. %,
respectively) were used in top-view measurements. When the ZnO content in the starting
bead is higher than that in the eutectic liquid, the liquid drop formed at lower
temperatures contains some floating ZnO particles, resulting in an experimental artifact
of apparently greater R/Rmax as shown in Fig. 4.4(b). Nonetheless, Fig. 4.4(b) illustrates
that the contact angle (represented by R/Rmax) levels off at ~ 860 °C irrespective of the
starting composition.
To probe the hysteresis effect, specimens were heated to temperatures of ~850,
~900, and 1037 °C, respectively, and then cooled with the furnace shut down. The
receding contact angles versus temperatures measured during cooling are shown in Fig.
4.5, in which the envelope of advancing contact angles measured during the heating is
re-plotted for comparison. A significant hysteresis effect is evident. Notably, most drops
do not recede significantly until ~ 750 °C during continuous cooling of ~ 7-10 °C per
minute, presumably due to a strong ridge pinning effect at the triple lines (See §4.2.3 and
§4.3.2 for elaboration). When a drop does recede, it does not always maintain a circular
symmetry (See Figs. 4.6(a) and 4.7(c)). If non-circular receding occurs, side-view
experiments can no longer accurately measure contact angles.
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Figure 4.5: Contact angle vs. temperature for selected specimens during cooling. The
specimens are Bi2O3 + 3 wt. % ZnO drops on {11 20} surfaces, and the cooling rates are
7-10 °C/min. The envelope of advancing contact angles measured during heating (means
± 3 standard deviations) is also re-plotted as a reference. The error bars for the individual
measurements (~ ±1° for repeatability) are not shown for figure clarity.

4.2.3 Facetted Ridges
SEM images of Bi2O3-rich drops on ZnO {112 0} surfaces cooled down from
950 and 1050 °C are shown in Fig. 4.6, where the solidified drops are removed in Figs.
4.6(a), 4.6(b) and 4.6(d).
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(a)

(b)

(c)
(d)
Figure 4.6: Representative SEM images of the facetted ridges at the triple lines.
Solidified drops have been removed in (a), (b) and (d).

The existence of wetting ridges at the triple lines [19-21] is evident in Fig. 4.6(b).
Figs 4.6(c) and (d) are images of the ridges viewed at expanded views, showing the
formation of facetted terraces. Several secondary ridges are also seen in Fig. 4.6(a). The
drop does not recede continuously and not retain a circular symmetry during recession. In
Fig. 4.6(c), the solidified drop, which has receded during cooling, can be seen.
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4.2.4 Anisotropy in Isothermal Drop Receding Kinetics
Since the contact angle hysteresis is significant (Fig. 4.5), it is important to clarify
whether complete wetting is inhibited by ridge pinning. To probe any kinetic effect that
hinders the drop advancement, and to further estimate a receding contact angle as a lower
bound of the Young contact angle (§4.3.3), isothermal drop receding experiments were
conducted at 1050 °C by allowing Bi2O3 to evaporate continuously (See §3.2 for
experimental settings and §4.3.3 for a proposed kinetic model). Fig. 4.7(a) is an in situ
optical micrograph of a drop on a {1 1 00} surface after 8 minutes of isothermal
evaporation. On this surface orientation, a drop recedes uniformly and maintains a
circular symmetry until significant ZnO precipitation occurs. On the other hand, a drop
on the {112 0} surface recedes non-uniformly (no longer circular) and by discrete jumps
(due to ridge pinning). This is evident in Fig. 4.7(c), which shows a drop on a ZnO
{112 0} surface after 10.5 minutes of isothermal evaporation. Discrete jumps during drop
receding were recorded by in situ video images and were evident by the secondary ridges
in SEM images (Fig. 4.6(a)) and optical micrographs (Fig. 4.7(c)).
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Figure 4.7: (a) A representative in situ optical micrograph from an isothermal drop
receding experiment conducted on a ZnO {1 1 00} surface and (b) the corresponding
R (t ) / Rmax vs. time. Error bars in (b) represent the standard deviations of measurements

of diameters along four directions. (c) A representative in situ optical micrograph for an
isothermal drop receding experiment conducted on a ZnO {11 20} surface and (d) the
corresponding

A(t ) / Amax vs. time.
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Fig. 4.7(b) shows the measured R(t ) / Rmax versus time during isothermal drop
evaporation and receding on the {1 1 00} surface. For non-circular drop receding on the
{112 0} surface,

A(t ) / Amax versus time was recorded and is shown in Fig. 4.7(d),

where A(t) and Amax are the instantaneous and maximum projected areas of the drop on
the surface, respectively; the function

A(t ) / Amax is equal to R(t ) / Rmax for a circular

drop and it represents an "normalized equivalent radius" for noncircular drops. The
observed

A(t ) / Amax versus time is not continuous (Fig. 4.7(d)) due to the occurrence

of discrete receding jumps on the {112 0} surface.
The drop on the ZnO {1 1 00} surface recedes almost instantaneously after
reaching the holding temperature (Fig. 4.7(b)). On the other hand, receding occurs on the
{112 0} surface after ~ 6 minutes of isothermal evaporation (Fig. 4.7(d)). Presumably,
evaporation occurs continuously, but the drop is pinned by the ridge at the triple line
before receding. The reduction in the liquid drop volume is achieved by adjusting the
macroscopic contact angle from θ ADV (the advancing contact angle) to θ REC (the
receding contact angle) before the drop starts to retract. The observed

A(t ) / A0 or

R(t ) / R0 decreases almost linearly with time once the drop receding starts (Figs. 4.7(b)

and 4.7(d)). With several approximations, a kinetic model is proposed for this unique
two-step drop receding process in §4.3.3 to estimate the macroscopic receding contact
angle ( θ ADV > θY > θ REC > 0).
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4.3 Modeling and Discussion
4.3.1 Macroscopic Wetting Configuration
Since the solubility of ZnO in Bi2O3-rich liquid increases with increasing
temperature, the present experiments represent a case of temperature-dependent
dissolution wetting. Fig. 4.8(a) schematically illustrates a macroscopic wetting
configuration, in which interfacial energies are assumed to be isotropic for simplicity. It
is reasonable to assume that ZnO dissolution is rapid, so local chemical equilibrium is
achieved while long-range diffusion in the solid substrate is insignificant in the
experimental time scale. Thus, the substrate surface remains flat except for the region
near the triple line. The liquid drop consists of two parts: V0 and V ′ , i.e., the volumes of
the liquid above and below the horizontal plane, respectively. With increasing
temperature, a liquid drop will consume more ZnO from the substrate. To the first order
of approximation, the volume change upon the dissolution and the evaporation of Bi2O3
are neglected. Hence, V0 is a constant and V ′ increases with increasing temperature.
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(a)

(b)
Figure 4.8: (a) Macroscopic wetting configuration assuming isotropic interfacial energies.
V0 is roughly a constant; V '/V0 and θ '/θ are small. (b) For Bi2O3 drop on the ZnO
{11 20} surface, the bottom of the liquid drop should be flat and there are faceted
terraces near the triple line. See text for elaboration

To estimate measurement errors in the Young contact angles (this section), and to
further analyze the drop receding kinetics (§4.3.3), basic geometrical relations for the
wetting configurations shown in Fig. 4.8 are given as follows. The volume of a sessile
drop is
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πR 3 (2 − 3 cosθ + cos 3 θ )
V0 =
⋅
3
sin 3 θ
,
π 3
= R θ + o(θ )
(θ << 1)

(4.1)

4

where θ is the apparent contact angle and R is the projected radius from the top view (Fig.
4.7). A similar relation can be used to estimate the liquid volume below the horizontal
line:

V′ =

π
4

R 3θ ′ + o(θ ′)

( θ << 1) .

(4.2)

Combing the Eq. (4.1) and Eq. (4.2) yields

θ' V'
≈
θ V0

.

(4.3)

Then, the relation between the real Young contact angle θ Y (without dissolution) and
the measured apparent contact angle θ is derived as follows:

θ < θY < (θ + θ ' ) ≈ (1 + V ' / V0 )θ .

(4.4)

Thus, the error in measuring the Young contact angle is estimated as

0<

θY − θ V ′
< .
V0
θY

(4.5)

For Bi2O3 drops on ZnO {11 20} surfaces, however, the interfacial energies are
anisotropic. In particular, the bottom of the liquid drop should be flat because of the low
interfacial energy between the ZnO {11 20} surface and the Bi2O3 liquid [15], and there
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are faceted terraces near the triple line (Fig. 4.6, 4.8(b)). Nonetheless, Eq. (4.5) can be
used to obtain a rough estimate. The Bi2O3-rich liquid in equilibrium with ZnO contains 5
vol. % ZnO at 740 °C (= Teutectic), 9 vol. % ZnO at 900 °C, and 15 vol. % ZnO at 1050 °C,
respectively [18]. For the experiments using eutectic beads, V ' / V0 is calculated to be
0.044 at 900 °C and 0.118 at 1050 °C, respectively. Since experiments were conducted up
to 1050 °C but the contact angle levels when the temperature is greater than ~ 860 °C, the
measured errors in the Young contact angles are < 12 % overall and < 5 % for the
significant part of T-dependent contact angle measurements. These are, in general, less
than the measurement errors; therefore they are insignificant.
Additionally, the surface area of a liquid drop is

A = 2πR 2 ⋅

1 − cos θ
sin 2 θ

≈ πR 2 + o(θ )

(θ << 1) .

(4.6)

Eq. (4.1) and Eq. (4.6) are used in assessing the receding kinetics of the drop in §4.3.3.
4.3.2 Facetted Ridges and Hysteresis
The formation of ridges at triple lines as a result of the unbalanced vertical
interfacial force component was previously studied for metal liquid drops on ceramic
substrates [19-21], where isotropic interfacial energies were assumed and observed. The
present case is more intriguing as the ridges are faceted terraces (Fig. 4.6). Anisotropic
ridge formation was also previously observed for another system – Cu on Al2O3, which
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exhibits a different morphology [22].
Ridging effect can hinder the advancement of a liquid drop [19-22]. If complete
wetting occurs and interfacial energies are isotropic, ridges cannot inhibit the spreading
and a liquid drop can flow over ridges of any shape. However, ridges with partial-wetting
facets can block the spreading. This possibility motivated the isothermal drop receding
experiments (§4.2.4), which revealed an interesting two-stage receding kinetic process,
leading to the conclusion that complete wetting does not occur (§4.3.3). Even if the
inhibition of complete wetting is not (wholly) due to ridge pinning, the existence of
facetted ridges can result in significant hysteresis. The proposed triple-line configurations
at equilibration and during drop advancing and receding are schematically illustrated in
Fig. 4.9. Such hysteresis effect results in different advancing and receding contact angles
( θ REC < θ Y < θ ADV ). Indeed, strong pinning effects on cooling (Fig. 4.4) and during
isothermal drop receding (Figs. 4.7(d), represented by the incubation time) are observed
on {11 20} surfaces.
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(a)

(b)

(c)
Figure 4.9: (a) Schematic illustration of the facetted ridges at the triple line. Proposed
configurations during the (b) advancing and (c) receding of a liquid drop.

θ REC < θ Y < θ ADV .

4.3.3 Isothermal Drop Receding Kinetics
Assuming that the evaporation rate is proportional to the surface area during
isothermal drop receding, the following kinetic equation can be proposed:
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dV
= −K ⋅ A .
dt

(4.7)

The kinetic constant, K, is a function of the temperature, the gas flow rate, and the vapor
pressure in the chamber (which, in turn, depends on the chamber geometry).
The isothermal evaporation process can be divided into two stages. In the first
stage, the reduction in liquid volume due to evaporation leads to the change of the contact
angle from θADV to θREC (without receding). The existence of this stage implies an
incubation time period (Δtincubation) before the drop starts to retract, which is observed in
experiments (Figs. 4.7(b) and 4.7(d)). The incubation time period is significant for the
drop on the {11 20} surface (Fig. 7(d)), implying a large ( θ ADV − θ REC ). The following
relation can be derived by substituting Eq. (4.1) and Eq. (4.6) into Eq. (4.7) and assuming
that the contact angle is small.

dθ = −

4K
⋅ dt .
R

(4.8)

Integrating the above equation produces:

θ ADV − θ REC =

4K
⋅ Δtincubation
Rmax

(4.9)

for small θ. A precise relation can also be deduced for large θ.
In the second stage, the drop retracts with a constant contact angle (θREC). If a
drop maintains a circular symmetry, combining Eqs. (4.1), (4.6) and (4.7) produces
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2(1 − cosθ REC ) sin θ REC
dR
= −K ⋅
dt
(2 − 3 cosθ REC + cos 3 θ REC )

.

(4.10)

For small θ, the above kinetic equation is simplified to

4K
dR
≈−
.
3θ REC
dt

(4.11)

Indeed, a linear kinetic regime for the retraction of a drop on the {1 1 00} surface
was observed (Fig. 4.7(b)), showing the validity of the proposed kinetic model. A linear
regression for the data shown in Fig. 4.7(b) is conducted. The retraction rate in the linear
regime was found to be d ( R / Rmax ) / dt = −0.0076 / min or dR / dt = −2.67 μm / min , with
an incubation time Δtincubation = 0.68 minute. The correlation factor (r2) is calculated to be
0.9959.
To estimate the receding contact angle, combining Eq. (4.9) and Eq. (4.11) gives

θ ADV − θ REC = −

d (R / Rmax )
⋅ Δt incubation ⋅ 3θ REC .
dt

(4.12a)

Since Δtlinear retraction ≡ −1 /[d (R / Rmax ) / dt ] is the projected total time period for the
stage-two drop receding, Eq. (4.12a) can be rewritten (to show a clear physical
explanation) as

θ ADV − θ REC
Δtincubation
=
.
θ REC
Δt linear retraction / 3

(4.12b)

On the {11 20} surface, the drop no longer maintains a circular symmetry during
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receding. Nonetheless, to the first order of approximation, Eq. (4.11) and Eq. (4.12) can
be

modified

by

R

replacing

with

an

equivalent

radius,

R≡

A/π

( R / Rmax ≡ A / Amax ), as

dR d A / Amax
4K
=
⋅ Rmax ≈ −
dt
dt
3θ REC

(4.13)

and

θ ADV − θ REC = −

d

(

A / Amax
dt

) ⋅ Δt

incubation

⋅ 3θ REC

(θ << 1) .

(4.14)

The above approximation is valid based on the assumption that V / A ≈ R θ REC / 4 , and
its validity is supported by the linear relation shown in Fig. 4.7(d).
A linear receding regime (with steps due to the ridge pinning) after a rather long
incubation time is shown in Fig. 4.7(d) for a drop on the {11 20} surface. A linear
regression of the data shown in Fig. 4.7(d) is conducted. The retraction rate in the linear
regime is found to be d A / Amax / dt = −0.0322 / min or dR / dt = −17.5μm / min . The
incubation time (Δtincubation) is found to be 5.6 minutes. The correlation factor, r2, is
found to be 0.98. Thus, the receding contact angle on the {11 20} surface is estimated
from Eq. (4.14) to be
{1120}
θ REC
=

{1120}
θ ADV

1 − 3Δtincubation ⋅

d

(

A / Amax
dt

) = 3.86° ≈ 4°
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.

(4.15a)

Similarly, the receding contact angle on the {1 1 00} surface is estimated to be
{1 1 00}
{1 1 00}
θ REC
= 14.4° (which is only slightly lower than θ ADV
= 14.6° ).

{1120}
In a second approach, θ REC
is alternatively estimated with the assumption that

the kinetic constant K in Eq. (4.7) is identical for experiments that were conducted under
the same conditions. Then, K is calculated to be 0.5 μm/min using Eq. (4.10) and the
experimental data obtained for the stage-two drop receding on the {1 1 00} surface [Fig.
4.7(b)]. This calculated K value should be reliable since the drop maintains a circular
symmetry on the {1 1 00} surface, the contact angle is high, and the exact mathematical
{1120}
equation (Eq. (4.10)) is used. Then, θ REC
is estimated by rewriting Eq. (4.9):

⎛ Δt incubation
⎝ Rmax

{112 0}
{11 20}
θ REC
= θ ADV
− 4 K .⎜⎜

⎞
180°
⎟⎟
⋅
= 4.8°
⎠ {1120} π

.

(4.15b)

This result agrees well with that estimate obtained using the first approach in Eq. (4.15a).
{112 0}
Since Eq. (4.15b) estimates θ REC
by comparing the stage-one drop receding kinetics on

the {11 20} surface with the stage-two kinetics on the {1 1 00} surface, errors
associated with non-circular drop retraction are eliminated.
In summary, analysis of isothermal receding kinetics demonstrates that a ridge
pinning effect results in observable differences in drop advancing and receding contact
angles on the {11 20} surface. Furthermore, complete wetting does not occur on the
{11 20} surface at 1050 °C. The estimated range of the equilibrium Young contact angle
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is
(1120 )
(112 0 )
4° ≈ θ REC
< θY(1120) < θ REC
≈ 6° .

(4.16)

Finally, the wetting configuration and drop receding (or advancing) kinetics on the
{11 20} surface differ significantly from those on the {1 1 00} surface.
4.3.4 Wetting in the Presence of Nanoscale SAFs
Analogous conditions of nanoscale surficial films in equilibrium with a
partial-wetting drop have been observed in organic or aqueous systems and are termed
frustrated-complete wetting [23]. A similar condition of a partial-wetting drop surrounded
by a thin pure liquid film with thickness limited by London dispersion forces has been
termed “pseudo-partial wetting” [24] or “autophobic wetting” [25].

However, to our

knowledge, this is the first study of such phenomenon in a high-temperature inorganic
system. Thermodynamic models for wetting in presence of adsorbed films generally
follow the Cahn critical point wetting model [8]. Relevant wetting phenomena have been
reviewed by de Gennes [26], Dietrich [9], and Bonn and Ross [27].
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(a)

(b)

(c)

Figure 4.10: (a) Schematic illustration of the equilibrium surface wetting and adsorption
configuration for a Bi2O3-rich drop on the ZnO {11 20} surface at 780 °C [15]. (b)
Schematic representation of excess surface free energy vs. film thickness in a case where
a nanometer-thick SAF is stable. (c) Δγ eq. vs. temperature calculated from the measured
mean contact angles shown in Fig. 4.2(a). Extrapolation from the data between 750 and
800 °C would project a first-order complete wetting transition at 818 °C (dashed line). In
the present case, the occurrence of complete wetting is inhibited and the observed
"residual" Δγ eq. of ~ 1 mJ/m2 can be quantitatively explained from the magnitude of a
long-range, attractive, London dispersion force.
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A schematic illustration of the wetting configuration on ZnO {11 20} surface in
presence of SAFs is shown in Fig. 4.10(a). In a phenomenological thermodynamic
model, the excess free energy of a surficial liquid film with thickness h is given by
G x (h) = (γ cl + γ lv ) + σ interfacial (h) ,

(4.17)

where (γ cl + γ lv ) represents the sum of crystal-liquid and liquid-vapor interfacial
energies. When the film is thin, an extra interfacial free energy term σ interfacial (h) (i.e.,
ω (l ) in Dietrich's review [9], P(ζ ) in de Gennes review [26] or Eint (h) in a recent

critical review of quasi-liquid interfacial films [4]) arises, representing the total
contribution of all interfacial forces. An additional volumetric thermodynamic term
Δμ ⋅ ρ ⋅ h should be added for quasi-liquid films formed at subsolidus conditions, as

shown in the Chapter 5. The term σ int (h) is equal to an integral of the "disjoining
pressure" (as defined by Deryaguin) from h to ∞ [26]. By definition, σ int (h) vanishes
as h Æ ∞. For SAFs in oxides, σ interfacial (h) can be expressed as [1, 4, 6, 15]:

σ interfacial (h) =

A123
+ σ short −range (h) + σ elec (h) + ... .
12πh 2

(4.18)

The first term is a long-range dispersion interaction where A123 is the Hamaker constant
(coefficient) for the system “substrate (1)/film (2)/air (3)”. The term σ short − range (h) is a
(coupled) short-range interaction of structural and chemical origins, and σ elec (h) is an
electrostatic interaction. For consistency, all the interfacial free energy terms are defined
so that they vanish as h Æ +∞. All σ terms in Eq. (4.18) are free energies.
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An "equilibrium" thickness represents a balance among the attractive and
repulsive interfacial pressures/forces. The equilibrium thickness corresponds to a global
or local minimum in excess film free energy versus thickness, which is defined by
d [G x (h)]
=0 .
dh
h=h

(4.19)

eq .

If an equilibrium-thickness SAF corresponds to a global minimum in excess free energy,
then
γ sv ≡ γ SAF = (γ cl + γ lv ) + σ interfacial (heq. ) .

(4.20)

In the present condition, an SAF (instead of a dry surface) represents the thermodynamic
equilibrium configuration ( γ sv ≡ γ SAF ). At a thermal equilibrium, the contact angle is
defined by the Young Equation,
γ sv = γ sl + γ lv ⋅ cos θY .

(4.21)

Combining Eqs. (4.20) and (4.21) gives
cosθY =

Δγ
γ sv − γ sl
= 1 − eq. ,
γ lv
γ lv

(4.22)

where

Δγ eq. ≡ −σ interfacial (heq. ) ≡ γ sl + γ lv − γ SAF ≡ γ sl + γ lv − γ sv .

(4.23)

A schematic illustration of Gx versus h and the definition of Δγ eq. are shown in Fig.
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4.10(b). In general, the film thickness ( heq. ) increases and the contact angle (θY)
decreases with increasing temperature along the liquid-vapor coexistence line.
In wetting theories [9], the thickening of a surficial film with increasing
temperature is explained as a competition between entropy and enthalpy. As temperature
increases, the liquid-vapor interface would like to avoid the solid-liquid interface, which
hinders interfacial fluctuation. With only short-range interactions, a complete wetting
transition should occur at some higher temperature (as the system approaches a critical
point), where hEQ → ∞ , Δγ eq. → 0 and θY → 0 . If the wetting transition is first
order, Δγ eq. ∝ (TW − T ) , θY ∝ (TW − T )1 / 2 and heq. jumps discretely to infinity at the
wetting temperature TW . If a critical (high-order or continuous) wetting transition occurs,
Δγ eq. ∝ (TW − T ) 2−α s (where α s is an exponent that depends on the details of molecular

interactions), and heq. is divergent continuously at TW .
A monotonic decrease of contact angle with increasing temperature is evident for
the drop on the {11 20} surface (Fig. 4.2) in the presence of an SAF. As a comparison,
the contact angle is a constant for the drop on the {1 1 00} surface (Fig. 4.2) in the
absence of an SAF. This suggests that high-temperature wetting in the presence of SAFs
can be described by a generalized Cahn wetting theory. Since γ lv ≈ 200 mJ / m 2 for this
system, Δγ eq. (T ) can be estimated by rewriting Eq. (4.22) and combining it with the
measured contact angles as shown in Fig. 4.2(a):
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Δγ eq. (T ) = γ lv (1 − cosθ ) ≈ 200 ⋅ (1 − cosθ ) mJ / m 2 .

Fig. 4.10(c) shows

(4.24)

Δγ eq. versus T. The advancing contact angles are used for

calculating Fig. 4.10(c), which probably over-estimates Δγ eq. (T ) slightly. Nonetheless,
Fig. 4.10(c) shows that Δγ eq. decreases monotonically between 780 and ~860 °C, but
complete wetting does not occur (presumably being inhibited by an attractive long-range
dispersion interaction; see §4.3.5 for elaboration). If a first-order wetting transition took
place without this inhibition, the projected complete wetting transition temperature would
be ~818 °C from a linear extrapolation of the T-dependent regime (with a correlation
factor r2 = 0.9923).

If critical wetting took place, the projected complete wetting

transition should depend on the specific (unknown) exponent.
A related observation was made for Ge-Pb liquid drops on a Pb solid surface, in
which wetting of micron-sized Pb crystals by small Ga-Pb droplets were studied by
scanning Auger microprobe [2, 3].

The wettability was found to be strongly correlated

to the degree of premelting of the Pb surfaces (i.e. the formation of thin quasi-liquid
surficial films below the bulk melting temperature). Below the premelting temperature of
Pb, liquid Ga-Pb droplets were found to reside only on the high-energy {210} facets of
Pb. At higher temperatures, where most facets of Pb premelts, liquid Ga-Pb droplets
scatter to other orientations, showing that the formation of quasi-liquid surficial films
enhances the wettability. This case is somewhat different from the present study in that
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Ga does not tend to segregate to the Pb surface; nonetheless, the quasi-liquid premelting
films must contain some Ga due to entropic effects. This qualitative observation shows
that at least one binary metallic system exhibits somewhat similar wetting behavior to the
present binary oxide system.
4.3.5 Inhibition of Complete Wetting
The inhibition of complete wetting is perhaps not surprising since this system
exhibits an attractive long-range dispersion force of significant strength. For a Bi2O3-rich
eutectic liquid film on a ZnO surface, the Hamaker constant for SAFs was calculated to
be A123 = +137 zJ [15], which is significantly greater than that for IGFs in the same
system (A121 ≈ 58 zJ using a single-oscillator estimation based on nZnO = 2.02 and nBi2O3
=2.63 [28]; a lower estimated value of + 4 zJ was cited in Refs. [29, 30]). If the
dispersion interaction is attractive and is the longest-range force, theoretically complete
wetting cannot occur as previously pointed out by Lipowsky [14]. An analysis using a
continuum model by de Gennes also showed that a long-range force can suppress the
complete wetting transition that would otherwise occur as the system approaches its
critical point [9].
If the equilibrium thickness results from a balance between the dispersion force
and a dominant short-range repulsion of exponentially decaying form ( C ⋅ exp(− h / ξ ) ,
where ξ is a coherent length on the atomic distance), the following relation can be
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derived from Eq. (4.19):
C

ξ

⋅e

− heq . / ξ

=

A123
.
6πheq3 .

(4.25)

Thus,
Δγ eq. ≡ −σ interfacial (heq. ) =

A123
A
−h / ξ
− C ⋅ e eq . = 1232 ⋅ (1 − 2ξ / heq. ) .
2
12πheq.
12πheq.

(4.26)

For Bi2O3-rich SAFs on ZnO, the dispersion energy A123 /(12πheq2 . ) is calculated to be ~
0.9 mJ for a 2-nm-thick film and ~ 0.4 mJ for a 3-nm-thick film, respectively. Assuming a
typical ξ of 0.3 nm, Δγ eq. is estimated to be 0.3-0.6 mJ for 2-3 nm thick SAFs. On the
other hand, the upper bound of Δγ eq. (T > 900°C ) is calculated from the measured
advancing contact angle to be ~1 mJ (Fig. 4.10(c)) and the lower bound of

Δγ eq. (1050°C ) is calculated to be ~0.5 mJ by estimating the receding contact angle
(using Eq. (4.15) and Eq. (4.16)). This experimentally-obtained range of Δγ eq. (0.4-1 mJ)
is consistent with the theoretical estimation of 0.3-0.6 mJ for 2-3 nm thick SAFs.
Alternatively, Eq. (4.24) and Eq (4.26) can be combined to directly estimate the
"residual" contact angle, which is computed to be ~ 5.5° for a 2-nm-thick SAF or ~3.6°
for a 3-nm-thick SAF. This estimation again agrees well with experimental observations
( 4° < θY < 6° ; see Eq. (4.16)). Therefore, the quantitative agreement supports the
interpretation that complete wetting is inhibited by the long-range attractive dispersion
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force.
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CHAPTER FIVE
NANOSCALE SURFICIAL AMORPHOUS FILMS IN V2O5-TiO2-BASED
OXIDE SYSTEMS
5.1 Objectives and Motivations
This chapter reports the results and thermodynamic models of nanoscale surficial
amorphous films or SAFs in the V2O5-TiO2 binary oxide system [1] and in six
V2O5-TiO2-based ternary oxide systems [2]. This study was motivated by a critical need
to develop a systematic dataset to validate thermodynamic models of nanoscale SAFs (as
a unique class of high-temperature "prewetting" multilayer adsorbates in oxide systems)
and to examine several critical hypotheses of the formation mechanisms of these SAFs.
This study also provides insights into understanding the formation mechanisms of
analogous intergranular films or IGFs, for which collecting a large number of data is
infeasible. Nanometer-thick IGFs, ubiquitous in structural ceramics, thick-film resistors,
varistors, high Tc superconductors, and refractory metals, are known to play important
roles in the fabrication and mechanical and physical properties of these materials; see a
recent review article [3] and references therein. However, the much needed systematic
measurements of temperature- and composition-dependent IGF stability are lacking due
to the low efficiency of TEM specimen preparation and the complexity of controlling GB
crystallography, whereas systematic measurements of analogous SAFs on a fixed surface
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orientation are feasible via a more efficient powder experiment [4].
Furthermore, because V2O5/TiO2 particles are relatively stable against coarsening,
SAFs are observed more frequently in V2O5/TiO2 than in the Bi2O3/ZnO model system
[4-6]. This permits systematic measurements of the film appearance and thickness as a
function of various experimental parameters. Specially, the film thickness and stability
were measured as a function of the equilibration temperature, anneal time, thermal
treatment history, co-doping, overall composition, and TiO2 phase and orientation.
Characterization of more than 850 independent films in this study represents the most
systematical measurements of similar interfacial films to date, providing important
insights into understanding the thermodynamic stability of equilibrium-thickness SAFs
and analogous IGFs. Thus, this study has made important contributions to the general
ceramic interfacial science.

5.2 Thickness Measurement and Data Analysis
The experimental procedure is described in Chapter 3. Additional comments
about film thickness measurement, data process and statistical analysis are made in this
section.
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5.2.1 Thickness Measurement
Representative HRTEM images of TiO2-V2O5 based system are shown in Fig. 5.1.
Film thicknesses were measured from these HRTEM images. Special attention is needed
to ensure that specimens have the proper "edge-on" conditions to accurately measure film
thickness. For films on (101) or (001) facets, we used only HRTEM images where the
parallel (101) or (001) fringes were clearly imaged so that the electron beam was parallel
to the surfaces; thus ensuring that the corresponding errors in thickness measurements
were small.

For films on curved surfaces, such errors are generally insignificant.

Furthermore, these errors in measured thicknesses should be no greater than the typical
surface-to-surface variations in measured film thicknesses. The standard deviations of
measured thicknesses were ~ 0.15 nm for films without co-doping (Table 5.1), being
close to the point-to-point resolution of the microscope (0.18 nm).

Thus, the effects of

misalignment on film thickness measurements were rather insignificant.
To measure the film thickness, two lines were drawn to represent the dividing
planes for the crystal-film and film-vapor interfaces, respectively. Examples are shown in
Fig. 5.1. When small crystallites or partial order were observed within the film, the
dividing line for the crystal-film interface was assumed to be the outmost continuous line
in the crystal (thus the small crystallites were in the film). An example is shown in Fig.
5.1(b).
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(a)

(101)

(b)

Figure 5.1: Representative HRTEM images of vanadia-based SAFs on (101) facets of
TiO2 anatase particles. The small epitaxial clusters, occasionally observed and presumed
to have formed during cooling, are indicated by the white arrows in panel (b). This is a
5.2Ti:1V specimen annealed at 600 °C for 4 h.

79

5.2.2 Data Processing and Statistical Analysis
The measured film thicknesses were averaged twice for each specimen.

First,

film thickness was measured at every 4 nm along the surface for each independent SAF.
The mean of these measurements represents the thickness of one independent SAF, and
the corresponding standard deviation (σu) represents the film uniformity.

Next, the

mean thicknesses of multiple independent films were again averaged. The corresponding
standard deviation (σ) represents a surface-to-surface variation in the thickness of films
on different particle surfaces in one specimen.

In Table 5.1 and Table 5.2, n represents

the number of independent SAFs (each on a different particle surface). Approximately
1000 separate particle surfaces (including both independent SAFs and surfaces without
films) were characterized, and > 3000 individual thickness measurements were made.
Ninety-five percent confidence intervals were calculated from the standard deviations (σ)
and the numbers of independent SAFs (n).
Specimens were designated by the cationic ratios and normalized to 1V. For
example, "5.2Ti:1V:0.1P" represents a composition of "5.2 TiO2 : ½ V2O5 : (0.1×½) P2O5"
or "TiO2 + 8.7 mol. % V2O5 + 0.87 mol. % P2O5". These compositions are nominal
overall compositions of the specimens (not film compositions).
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5.3 Results: V2O5-TiO2 Binary System
5.3.1 Characteristics of Surficial Films on Anatase (101) Facets
Nanoscale, vanadia-based SAFs have been observed to form on more than 850
anatase particle surfaces in the V2O5-TiO2 binary system (Table 5.1) and in six
V2O5-TiO2-based ternary oxides (Table 5.2). Representative HRTEM images of two
surficial films formed at 600 °C on anatase (101) facets are shown in Fig. 5.1. Though
these films exhibited a large degree of structural disorder (Fig. 5.1(a)), partial or local
order was often seen in HRTEM.

In particular, growth of small epitaxial clusters was

occasionally observed. An example is shown in Fig. 5.1(b). These small crystallites often
formed in a periodic array, which was likely due to a strain effect.
To reveal the existence of partial order, digital gray-level intensities of the
HRTEM image were averaged along the horizontal axis (parallel to the (101) planes) in
Fig. 5.2(c); partial layering order in this SAF was observed. The distance between the
first two darkness peaks in the SAF was measured to be 0.43 nm, which matches the
inter-layer distance of the layered V2O5 structure (Fig. 5.2(d)). Since some order may
have formed during the quench, a more critical assessment is not warranted.
It was also presumed that these crystallites had largely formed during cooling.
Both diffuse-interface theories [7, 8] and molecular dynamics modeling [9] suggest the
existence of partial structural order within the films. However, partial order likely
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intensified during quenching, and some observed order might be due to HRTEM
delocalization effects.

Figure 5.2: (a) HRTEM image of a vanadia-based SAF formed at 600°C. (b) An
expanded view of a selected segment of this SAF. (c) Pixel (gray-level) intensities
averaged along the horizontal axis. The partial layering order in the film matches that of
the V2O5 crystal as shown in (d).

These SAFs, uniform in thickness along the surface (Figs. 5.1 and 5.2), have
thicknesses that varied little from surface to surface for a fixed set of equilibrium
conditions. For example, in a 5.2Ti:1V specimen, the mean thickness of 56 independent
films annealed at 600 °C for 4 h is 0.97 nm, and the corresponding standard deviation (σ)
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of 0.15 nm describes a surface-to-surface variation. Furthermore, each of these 56
measured mean thicknesses represents an average of 3-7 measurements at different
locations along the film. The average film uniformity is represented by σ u , the average
of 56 individual σ u (i.e., the standard deviation of measurements at different locations
along one surface). This average film uniformity ( σ u ) is 0.09 nm, which is lower than the
surface-to-surface variation (σ) of 0.15 nm. A Gaussian-like distribution of all individual
thickness measurements is shown in Fig. 5.3(a). On average, the measured σ u is about
~60% of the measured σ. Since some measured surface-to-surface variations in thickness
may have resulted from misalignment and HRTEM imaging artifacts, the actual thickness
distributions are likely tighter.
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(a)
(b)
Figure 5.3: Statistical distributions of measured thicknesses of films on (101) facets in (a)
5.2Ti:1V and (b) 5.2Ti:1V:0.1P specimens annealed at 600 °C for 4 h. These two
distributions represent both surface-to-surface variation and film uniformity.

5.3.2 Equilibrium Thickness
At a fixed equilibration temperature, V2O5-saturated specimens exhibits a
constant thickness independent of the fraction of the V2O5 secondary phase (in the
two-phase region with a constant V2O5 activity) once a thermodynamic equilibrium state
is achieved. For an earlier set of samples that were made from 99.7% anatase powder, the
average thickness for 119 SAFs that formed at 600 °C with different processing recipes is
1.10 nm with a rather narrow standard deviation of 0.26 nm. Fig. 5.4(a) shows the
average film thickness versus nominal V2O5 loading. Above a threshold loading, the
average film thickness is virtually independent of the amount of excess bulk V2O5
secondary phase. V2O5 and anatase phases are essentially immiscible [10]. The SAF
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formation is presumably kinetically limited in the specimen containing 2% V2O5. Even
with the presence of excess 12%–30% V2O5 secondary phase, the average film thickness
does not increase with additional annealing time after an equilibrium state is reached (Fig.
5.4(b)). In addition, Figs. 5.4(a) and 5.4(b) include specimens prepared by both dry and
wet impregnation methods, which produce virtually the same results. The mean thickness
±1 standard deviation for SAFs formed at 600 °C in specimens prepared by the wet and
dry impregnation methods is 1.10 nm ± 0.28 nm and 1.12 nm ± 0.22 nm, respectively.
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Figure 5.4: Film thickness vs. (a) nominal V2O5 loading and (b) anneal time for
specimens annealed at 600°C. Once an equilibrium state is reached, these films exhibit an
equilibrium thickness, independent of the additional anneal time, the V2O5 loading, and
synthesis methods. These data were obtained from an earlier set of specimens made of
99.7% pure anatase powder.
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Film Thickness (nm)
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0
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0.3
Nominal V/Ti Ratio

0.4

Figure 5.5: Measured average thickness vs. the nominal V/Ti ratio for TiO2-V2O5 binary
specimens. Error bars represent standard deviations (±1σ). These data were obtained
from a set of specimens made of 99.99% pure anatase powder.

Similar results have been repeated using purer anatase powder (99.99%).

For

the nominal Ti/V ratios of 3.1, 5.2, and 8.1, the average measured film thicknesses are
0.94 nm, 0.97 nm, and 0.92 nm, respectively, in specimens equilibrated at 600 °C for 4 h
as shown in Fig. 5.5.

In contrast, a supply-controlled thickness, as assumed in prior

studies [11, 12], should strongly correlate with the overall Ti/V ratio. Consequently, this
newer set of experiments, in which a purer anatase powder was used, confirm the
existence of equilibrium thickness as shown in Fig. 5.4. Results shown in Fig. 5.4(a) and
Fig. 5.5 with powder of different purity levels are largely consistent. The data reported
below were obtained from specimens with the purer anatase powder (99.99%) unless
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otherwise noted.
The equilibrium SAFs in unsaturated specimens with V2O5 contents below the
solid solubility limit are expected to be thinner, akin to what has been observed for
Bi2O3-enriched SAFs on ZnO [5, 6]. However, in Fig. 5.5, the 14.6Ti:1V specimen
likely represents a V2O5-saturated specimen [10], where the thickness is presumably
limited by slow transport kinetics. Similarly, the films are thinner in a specimen with a
shorter anneal time of 2 h (Table 5.1), which was also likely an effect of kinetic limitation
to equilibration.
5.3.3 Temperature Dependence of Film Thickness
In order to probe the thickness temperature dependence and identify any kinetic

limitations to equilibration, the specimens were allowed to approach their equilibrium
state from both lower and higher temperatures. In the first instance, 5.2Ti1V samples
were directly heated to a particular annealing temperature. In the second, samples were
first fired at a higher temperature of 600 °C, at which thicker films are known to form,
and then the temperature was lowered to the equilibration temperature. Fig. 5.6 shows
reversible temperature dependence to the film thickness (for the case of the V2O5-TiO2
binary system).

Film thickness decreases monotonically with decreasing temperature.

Nanoscale SAFs vanish at ~ 450 °C, but monolayer/submonolayer adsorption should
persist at lower temperatures. A hysteresis loop was also observed (Fig. 5.6).
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Figure 5.6: Average film thickness vs. equilibration temperature for two sets of
specimens where the equilibrium states were approached from lower and higher
temperatures, respectively. The solid line was computed using Eq. (5.3). The dotted
(trend) lines are added as a guide to eyes. Most of these data were obtained from an
earlier set of specimens made of 99.7% pure anatase powder. The overall average
thickness for 119 SAFs (made from 99.7% anatase powder) formed at 600°C via different
processing routes (■) and the mean thickness of SAFs formed in a specimen prepared
with the 99.99% anatase powder (▲) are also shown for comparison.
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Figure 5.7: HRTEM images for a set of 5.2Ti:1V (8.7 mol %) specimens where the
thermodynamic equilibration was approached from a higher temperature.

HRTEM images in Fig. 5.7 show that the thickness of the film on the anatase (101)
facet decreases with decreasing of equilibration temperature. At 450 °C, the surface is
devoid of a discernible film. Small crystallites were occasionally observed, as indicated
by arrows for case of 600 °C 4 h + 550 °C 4h.
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5.3.4 Films Co-existing with Nano-drops: an Analogy to Frustrated-Complete Wetting
Nano-drops co-existing with films were observed for the TiO2-V2O5 binary
system as well as co-doping ternary oxide systems. Whereas nanometer-thick SAFs were
found to coexist with nanoscale partial-wetting glassy droplets (Fig. 5.8) in the same set
of specimens, they were found only in a small fraction of surfaces.

Similar nanoscale

wetting configurations have been previously reported for Bi2O3 on ZnO and MoO3 on
Al2O3 [6]. Here, phenomenological similarities to frustrated-complete wetting [13] and
pseudo-partial wetting [14, 15], proposed and confirmed for molecular substances and
metallic systems, clearly exist. A further discussion of these analogous wetting
phenomena can be in Ref. [3]. Although the cooling effects are unknown, Fig. 5.8
suggests that the excess glassy phase did not completely wet the surfaces; thus, these
SAFs exhibit a self-limiting (equilibrium) thickness.
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Figure 5.8: (a) Original and (b) filtered HRTEM images of a nanoscale SAF co-exiting
with a non-wetting nano-droplet. This is a 5.2Ti:1V specimen equilibrated at 600 °C.

5.3.5 Films on Surfaces of Different Orientations or TiO2 Phases
It is known that (101) planes are the dominant (lowest-energy) facets for anatase
crystals in the Wulff shape, and (001) planes are the only other facets that are present at
equilibrium [16]. The present study further confirmed that the Wulff shape for
V2O5-doped TiO2 anatase particles is similar. Nanoscale SAFs were found virtually on
all (101) facets in specimens equilibrated at 525 °C or higher temperatures (Fig. 5.1;
Table 5.1). Similar films were also observed on several (001) facets and on more than
50% of curved surfaces (Fig. 5.9(a)). For a 5.2Ti:1V specimen annealed at 600 °C for 4 h,
the average measured thickness of films formed on (101) facets, (001) facets, and curved
surfaces are 0.97 nm, 0.89 nm, and 0.79 nm, respectively (Fig. 5.9(b)). In general, (001)
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facets were not frequently observed.

(a)

(b)
Figure 5.9: (a) Representative HRTEM images of SAFs on different facets and curved
surfaces in 5.2Ti:1V and 5.2Ti:1V:0.1P specimens. (b) Mean thicknesses of SAFs formed
on anatase surfaces of different orientations. Error bars represent standard deviations
(±1σ). All specimens were annealed at 600 °C for 4 h.
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Vanadia-based SAFs of similar character were also observed on a fraction of the
surfaces in V2O5/rutile specimens. Fig. 5.10 shows a SAF formed on rutile (110) facet in
a sample (5.2Ti1V 600 °C 4 h anneal). Measurements of five SAFs on rutile (110) facets
in this sample yielded a mean thickness of 0.87 nm with a standard deviation of 0.18 nm.
One SAF that is approximately 0.95-nm thick was also found on a curved rutile surface in
the same specimen. This study then focused on films on anatase (101) facets and curved
surfaces, which were frequently observed.

Figure 5.10: HRTEM image of an SAF formed on rutile (110) facet in a sample (5.2Ti1V,
annealed at 600 °C for 4 h).
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5.3.6 Results of XRD, XPS and TPR Characterization
In addition to HRTEM, TiO2-V2O5 specimens were characterized by an array of
other probes to provide supporting information about the phases, particle size,
composition, and thermal stability of these oxide systems.
First, XRD was used to probe the anatase-to-rutile transformation and particle
coarsening. It is known that in general the anatase support leads to a more active and
selective catalytic performance than the rutile support [17]. However, anatase is a
metastable bulk phase, and it will transform into rutile during annealing. Thermal
annealing will also result in particle coarsening, which is generally detrimental for
catalytic performance. Furthermore, it is known that the presence of V2O5 can promote
both the coarsening of anatase particles and the anatase-to-rutile transformation [10].
Fig. 5.11 is a representative powder XRD pattern of a V2O5-TiO2 specimen, in
which all peaks can be attributed to anatase (A), rutile (R) and V2O5 (V) phases. Although
this specimen contains 17 wt. % V2O5, most peaks of V2O5 are weak, presumably due to
the low crystallinity of the V2O5 phase. Appearance of a weak rutile (110) peak indicates
the occurrence of anatase-to-rutile transition at this annealing temperature of 600 °C.
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Figure 5.11: Representative XRD pattern for a 5.2Ti:1V specimen that was annealed at
600 °C for 4 h. A, R and V denote anatase, rutile, and V2O5 phase, respectively.

Furthermore, XRD was used to quantify the fraction of rutile phase and the
particle size of the anatase particles. The mass fraction of the rutile phase (xR) was
determined using XRD patterns obtained at a slower scanning rate (to improve
signal-to-noise ratios), and it was calculated by using the following equation [18],

xR =

1
,
[1 + 0.8 ⋅ ( I A / I R )]

where IA and IR are the integrated intensities of the (101) reflection of anatase and the
(110) reflection of rutile, respectively. The size of anatase particles, d, was estimated by
using (101) peak and Debye-Scherrer formula,
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d=

0.9λ
,
δ cos θ

where λ is the X-ray wavelength, δ is the width at half maximum of diffraction peak, and
θ is the Bragg angle.
X-ray diffraction analysis shows that <5 wt % of the anatase phase transferred
into rutile for a 5.2Ti:1V specimen that was made from 99.99% nano-sized anatase
powder and annealed at 600 °C. However, ~18 wt. % of the anatase phase transformed
into rutile in a sample that was made from 99.7% anatase powder with the same nominal
composition and annealing condition.

This observed difference is likely due to an

unknown impurity effect. No phase transformation was observed to occur at lower
temperatures.
Fig 5.12(a) shows measured anatase particle size and rutile fraction versus V2O5
molar fraction for a set of specimens that were annealed at 600 °C for 4 hours. Both
coarsening and anatase-to-rutile transformation appear to increase with increasing content
of V2O5 and level off above 6-8 mol. % V2O5. Since a similar trend has been observed in
thickness versus V2O5 content in Figs. 5.4(a) and 5.5, the coarsening and phase
transformation are likely related to the formation of nanoscale SAFs. Similarly, Fig
5.12(b) shows measured anatase particle sizes and rutile fractions versus annealing
temperature. The analogous trends in Fig 5.12(b) and Fig. 5.6 again suggest the possible
role of nanoscale SAFS in controlling coarsening and phase transformation.
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(a)
(b)
Figure 5.12: (a) Measured rutile fraction and particle (crystallite) size vs. V2O5 loading
for a set of specimens that were annealed at 600 °C for 4 h. (b) Measured rutile fraction
and particle size vs. temperature for a set of specimens that contained 8.7 mol % V2O5
(5.2Ti1V) and annealed at different temperatures for 4 h. Corrections for instrumental
broadening effects should be made for more accurate and quantitative measurements of
the crystallite size.

Second, the composition and valence states of the specimens were characterized
by XPS. In general, a measured composition from XPS represents the overall average
of signals from all surfaces (which include (101) and (004) facets and curved surfaces) of
the TiO2 anatase (and rutile, if present) particles plus those from the secondary bulk
vanadia phase particles. Figs. 5.13(a) & 5.13(c) show the measured V/Ti ratio for two
set of specimens; in general, the V/Ti ratios measured by XPS are higher than the
nominal overall V/Ti ratios, which indicates the enrichment of V at TiO2 surfaces. Figs.
5.13(b) & 5.13(d) show the corrected surface V content [V/(V+Ti)] versus the nominal
overall content that were estimated with a simplified assumption that relative surface area
of vanadia and titania phases is proportional to the V/Ti atomic ratio. These corrected
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surface V contents still represent the overall average of all surfaces of TiO2 particles, but
exclude the effects of secondary bulk vanadia particles. Nonetheless, the basic trends in
corrected surface V contents versus nominal V content (Fig. 5.13(b)) or annealing
temperature (Fig. 5.13(d)) are consistent with the HRTEM results as shown in Figs. 5.4
and 5.5, which again supports the existence of equilibrium-thickness for adsorbed SAFs.
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Figure 5.13: (a) and (c) are the nominal and XPS measured V/Ti atomic ratios. (b) and (d)
are the corrected surface V/(Ti+V) ratios for the TiO2 particles. In (a) and (b), all
samples were annealed at 600 °C for 4 h. In (c) and (d), all specimens had the
composition of 5.2Ti:1V and were annealed for 4 h.

Furthermore, XPS was used to examine the valence state of V. A representative
XPS spectrum is shown in Fig. 5.14. V is likely present as a mixed state of V4+ and V5+
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on the anatase surfaces, which is consistent with prior studies [19]. In this study the
binding energy for V 2p1 in pure V2O5 (V5+) was measured to be about 516 eV. However,
the measured binding energy for V 2p1 in a specimen of 5.2Ti:1V that was annealed at
600 °C for 4 hours shifts to 514.8 eV, which suggests a decrease in the valence state of
vanadium ion.

Figure 5.14: A representative XPS spectrum for a sample of 5.2Ti:1V (600 °C 4 h).

Finally, temperature-programmed reduction (TPR) was used to analyze the
thermal stability and reduction kinetics of the TiO2-V2O5 binary oxides with a goal to
probe the difference between the adsorbed vanadium oxides on surfaces and the bulk
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V2O5. This technique is composed of heating a catalyst sample with a linear temperature
ramp in a flow of hydrogen while monitoring the hydrogen consumption. Representative
TPR profiles for specimens with different V2O5 loadings and annealing temperatures are
shown in Fig. 5.15. In general, the reducibility of vanadium oxides decreases with
increasing V2O5 loadings or firing temperature (which are coincident with increasing
thickness and/or coverage of SAFS, as shown in Figs. 5.4-5.6 and 5.15). This coincidence
suggests that VOx in SAFs are more difficult to reduce than bulk V2O5; however, an
unequivocal conclusion is unwarranted at this time.
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Figure 5.15: (a) TPR profiles for samples with different (a) annealing temperatures and (b)
vanadia loading. TPR test conditions are: flow rate = 85 cc/min; heating rate = 10 °C/min;
and sample weight = 0.5 g.
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5.4 Results: TiO2-V2O5-Based Ternary Systems
5.4.1 General Observations
Six TiO2-V2O5-based ternary systems were used to study the effect of co-doping
on film characteristics. SAFs of constant thickness were also observed in all six systems.
Under the same annealing conditions and co-doping levels, the effects of different
co-dopants on film thickness are markedly different.
Among six co-dopants, P2O5 has been selected for the most systematical
investigation. Films in TiO2-V2O5-P2O5 were found to form on (101) and (001) facets,
and curved surfaces. These films in the TiO2-V2O5-P2O5 show similar character and
temperature-dependent stability as those observed in TiO2-V2O5 binary system, although
adding P co-dopants can change film thickness and surface coverage markedly.
5.4.2 Tailoring Nanoscale Surficial Films via Co-doping
Fig. 5.16 shows representative HRTEM images of SAFs formed on anatase (101)
facets at 600 °C in 5.1Ti:1V:0.1X (X = P, Na, K, Nb, Mo, or W) specimens. Small
additions of co-dopants change the film thicknesses. As shown in Fig. 5.17(a), minor
additions of the oxides of Mo, W or Nb decrease the equilibrium thickness, and films are
thinner for a larger X/V ratio (0.2 vs. 0.1), whereas the addition of P increases the film
thickness appreciably. The addition of K or Na has no significant effect on thickness.

103

Figure 5.16: Representative HRTEM images of co-doped SAFs on (101) facets of anatase
particles. All specimens were annealed at 600 °C for 4 h

Film thickness versus W/V (or P/V) ratio is shown in Fig. 5.17(b). Film thickness
initially decreases (or increases) with increasing W (or P) co-doping level, then levels off
beyond a threshold. These observations may be explained on the same basis used to
explain Fig. 5.5. When a relatively large amount of W (or P) was added, WO3 (or an
unknown P-enriched oxide that gave XRD peaks at 2θ = 24.4 and 26.9; Fig. 5.18)
precipitated, and the W (or P) activity leveled off. The corresponding extra XRD peaks
were observable at a W/V (or P/V) ratio of ~ 0.1 - 0.2, and their intensities increased
significantly when this ratio was increased to 1. This observation is consistent with the
concept that equilibrium thickness depends upon the chemical potential rather than the
fraction of a secondary phase.
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Without co-doping

(a)

P2O5 co-doped

WO3 co-doped

(b)
Figure 5.17: (a) Effect of co-doping on mean thicknesses of SAFs on (101) facets of
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anatase particles. (b) Film thickness vs. co-doping ratio for P and W co-doped
specimens. The Ti/V ratio was kept at 5.2, and all specimens were annealed at 600 °C for
4 h. In panel (b), relatively lower measured thicknesses for 5.2Ti:1V:0.07P and
5.2Ti:1V:0.4P specimens might be related to evaporative losses of P2O5 during
calcination at 450 °C in open containers. The other three specimens co-doped with P2O5
were re-examined using a lower calcination temperature of 350 °C to reduce P2O5 loss.
Panel (a) shows error bars representing 95% confidence intervals, and panel (b) shows
error bars representing standard deviations (±1σ).
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(a)

(b)
Figure 5.18: XRD patterns of TiO2-V2O5 co-doped with (a) P2O5 and (b) WO3
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Furthermore, co-doping also changed the thickness distribution and film
appearance. As shown in Fig. 5.3(b), adding a small amount of P (~ 0.87 mol. % P or a
P/V ratio of 0.1) increases the average film thickness appreciably and broadens the
thickness distribution. The standard deviation is approximately doubled. A comparison of
film thickness variability in Fig. 5.3(a) versus Fig. 5.3(b) indicates shallow versus deep
minima in corresponding free energy versus thickness curves, although the exact physical
origin of this difference is unknown. Co-doping with P reduces the differences between
the average thicknesses of films formed on different facets and curved surfaces (Fig.
5.9(b)). The percentage of curved surfaces covered by nanoscale SAFs is ~ 55% for a
5.2Ti:1V specimen equilibrated at 600 °C, which increases to ~ 90% and >95% with the
addition of 0.87 mol. % P and ~ 1.7 mol. % P, respectively, as shown in Fig. 5.19. Thusly,
co-doping with P results in thicker and more isotropic SAFs, although it broadens the
thickness distribution at a fixed orientation.

108

Figure 5.19: Percentage of curved surfaces on which nanoscale SAFs were observed.
Specimen compositions are labeled. All specimens were annealed at 600 °C for 4 h.
HRTEM images of randomly-selected particle surfaces were recorded and used for
statistical analysis.

XPS measurements of V/Ti ratios further support the HRTEM observations of the
co-doping effects on the film appearance and thickness. As shown in Table 5.3, co-doping
P2O5 enhances V enrichment on surface, as results of increases in both film thickness and
surface coverage. On the other hand, co-doping WO3 reduces the surface V enrichment.
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Table 5.3: XPS measurements of V/Ti ratios in co-doped specimens.
5.2Ti:1V

5.2Ti:1V:0.1P

5.2Ti:1V:1P

5.2Ti:1V:0.1W

5.2Ti:1V:1W

V/Ti (XPS)

0.35

0.41

0.48

0.28

0.30

V/Ti (nominal)

0.19

0.19

0.19

0.19

0.19

XRD analysis shows that co-doping also affects the phase transformation and
particle coarsening. The rutile fractions and anatase particle sizes for co-doped specimens
that were annealed at 600 °C for 4 hours are listed in Table 5.4. Co-doping with MoO3
and WO3 (two catalyst promoters) effectively inhibits the transformation of anatase into
rutile. On the other hand, co-doping with K2O, which is typically considered to have a
poisoning effect on supported V2O5 catalysts, promotes the transformation markedly. The
rutile fraction in K2O co-doped V2O5/TiO2 is increased from <5% to >85 %. Co-doping
with Nb2O5 increases the anatase-to-rutile transformation and inhibits particle coarsening
moderately.
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Table 5.4: The fractions of rutile phase and sizes of anatase particles in co-doped
specimens. These specimens have cationic ratio of 5.2Ti:1V:0.1X (X = P, Na, K, Nb, Mo
and W) and were annealed at 600 °C for 4 hours.
No co-dopant

P

Na

K

Nb

Mo

W

Rutile (%)

~5

~7

~6

85

10

~0

~0

Size (nm)

~ 115

~106

~114

N/A

~89

~107

~80

Determining the effects of co-doping is important for tailoring supported oxide
catalysts, since industrial catalysts typically contain additives or impurities [11, 12,
20-23]. Tuning IGF thickness via co-doping has been reported in Si3N4–SiO2-based
structural ceramics with Ca [24] or rare earth [25] additives and in Pb2RuO7–SiO2-based,
thick-film resistors with TiO2 additives [26]. The present study further demonstrates the
concept of tailoring average SAF thickness, thickness distribution, surface coverage, and
anisotropy via changing the bulk chemical potentials. These observations provide
comprehensive data for testing thermodynamic models for SAFs and analogous IGFs.
5.4.3 Temperature Dependence of Film Thickness: Hysteresis
For TiO2-V2O5-P2O5 ternary system, the thicknesses of films formed on anatase
(101) facets and curved surfaces reversibly depend on temperature, as shown in Fig 5.20.
The thickness-temperature dependence was obtained with a similar heating procedure to
that used for the TiO2-V2O5 binary system. In the first instance, 5.2Ti:1V:0.1P specimens
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were directly heated to the desired temperature and equilibrated for 4 hours. In the
second instance, specimens were annealed at 550 °C for 4 hours, to elicit conditions that
could form ~ 1.2-nm-thick films (on (101) facets) or ~ 1.35-nm-thick films (on curved
surfaces). The temperature was then reduced to the equilibration temperature at which the
specimens were annealed for another 4 hours. At relatively low temperature ranges (~
350 – 450 °C) in which nanoscale SAFs are not discernible by HRTEM, monolayer (or
submonolayer) adsorption is known to occur based on extensive prior studies [21, 22].
Upon heating, discontinuous transitions were observed from submonolayer to multilayer
coverage between 500 °C and 525 °C on both (101) facets and curved surfaces (Fig. 5.20).
Upon cooling, the transition back to submonolayer coverage occurred at somewhat lower
temperatures. The transition in 5.2Ti:1V:0.1P specimens was more abrupt than that
observed in the V2O5-TiO2 binary system [1].

In Fig. 5.15(a), the reported film

thicknesses for specimens in which the equilibration was approached from a higher
temperature (as indicated by a solid line) represent the overall average thicknesses of two
groups of films (as indicated by the dotted lines).
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Figure 5.20: Mean film thickness vs. temperature for SAFs formed on (a) (101) facets
and (b) curved surfaces of anatase particles in 5.2Ti:1V:0.1P specimens. Measurements
from two sets of specimens are reported. In the first set, specimens were directly heated
to the desired temperature and equilibrated for 4 h. In the second set, specimens were first
annealed at 550 °C for 4 h, and the temperature was lowered to the equilibration
temperature at which the specimens were annealed for another 4 h.

For specimens where equilibration was approached from a higher temperature,
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bimodal thickness distributions (as indicated by the dotted lines and explained in Fig.
5.21) were observed, and the solid line represents the overall average thicknesses.
HRTEM was unable to discern individual film of <~0.2-nm-thick. Error bars represent
95% confidence intervals and are set to be 0.2 nm for surfaces devoid of films.
5.4.4 Bimodal Distributions and Their Evolutions
When the equilibration was approached from a higher temperature, bimodal
thickness distributions for the SAFs on anatase (101) facets were observed at 400 °C and
450 °C (Fig. 5.21(a)). In a 5.2Ti:1V:0.1P specimen annealed at 550 °C × 4 hours + 450
°C × 4 hours, SAFs were observed in sixteen of twenty facets (80%) of (101) orientation
with an average thickness of 0.57 nm, with four (101) facets (20%) devoid of discernible
films (dried).

With a reduction in temperature, among twenty-nine (101) facets

examined in a specimen annealed at 550 °C × 4 h + 400 °C × 4 h, SAFs were found on
nine facets (31%) with an average thickness of 0.55 nm, with twenty facets (69%) dried.
Furthermore, an increase in the equilibration time to 24 h at 450 °C (550 °C × 4 h + 450
°C × 24 h) shows that twenty-five of twenty-six (101) facets (or ~96%) were dried (Fig. 5.
21(a)). A representative HRTEM image of these dried surfaces is shown in Fig. 5.21(b).
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Figure 5.21: (a) Evolution of bimodal distributions of measured film thicknesses for
SAFs formed on anatase (101) facets when equilibration was approached from a higher
temperature. Each bar represents a measured thickness of an independent film on a
separate particle surface. (b) A representative HRTEM image of a dried (101) facet in a
5.2Ti:1V:0.1P specimen annealed at 550 °C × 4h + 400 °C × 4h.

Nanoscale SAFs were observed on all (101) facets in specimens equilibrated at
525 °C and higher temperatures, as well as in one specimen fired at 550 °C × 4 hours +
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500 °C × 4 hours. Since SAFs only formed on a fraction of curved surfaces, the data in
Fig. 5.20(b) excludes surfaces devoid of films, but the thickness was plotted as zero in
cases where no SAFs were found.
These observed discontinuous changes in thickness, hysteresis, and bimodal
thickness distributions suggest a first-order surface adsorption transition, which will be
further discussed in §5.5.2.

5.5 Modeling and Discussion
5.5.1 Thermodynamic Principles for Stabilization of Subsolidus Quasi-liquid Interfacial
Films
For the V2O5-TiO2 binary system, the stabilization of subsolidus quasi-liquid
films can be rationalized thermodynamically. The V2O5 melting temperature is 690 °C
and the rutile-V2O5 eutectic temperature is ~ 631 °C. These SAFs on anatase likely forme
at subeutectic/subsolidus conditions (Fig. 5.6). Nonetheless, these subeutectic films are
largely disordered (quasi-liquid) in HRTEM (Figs. 5.2(a) and 5.2(b)). Formation of
crystalline surficial films is presumably frustrated by the high crystal-to-crystal interfacial
energy that would occur. Analogous to the premelting theory [27-29], the stabilization of
a subeutectic, quasi-liquid film can be conceived as if the increased free energy for
forming the undercooled liquid film ( ΔGamorph. ⋅ h ) is over-compensated by the reduction
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in interfacial energies ( − Δγ )
(0)
ΔGamorph. ⋅ h = ΔS f ⋅ ΔT ⋅ h < − Δγ ≡ (γ V 2O 5 + γ TiO 2 −V 2O 5 − γ TiO
) ,
2

(5.1)

where h is the film thickness, ΔS f is the fusion entropy, and γ ' s are interfacial
energies. Stabilization of a 1-nm thick subeutectic liquid film is thermodynamically
favored for an undercooling ( ΔT ) range of
ΔT ≡ (Teutectic − T ) ≤

− Δγ
0.15 J / m 2
≈
≈ 120 K .
h ⋅ ΔS f (1 nm) ⋅ (0.00126 Jm −2 nm −1 K −1 )

(5.2)

The above rough estimation agrees well with the experimental observation (Fig. 5.6).
Since 0 < −Δγ < (γ TiO 2 − γ V 2O 5 ) ≈ 0.3J / m 2 , we adopted Δγ ≈ 0.15 J/m2 in Eq. (5.2).
ΔS f for V2O5 was calculated from data in Ref. [30].

A more critical assessment of the equilibrium thickness should also consider the
long-range dispersion force. The Hamaker constant was calculated to be +263 zJ for
V2O5 on anatase using a single oscillator approximation. The corresponding pressure is
attractive and ~ 14 MPa for a 1-nm thick film. Consequently, the excess film free energy
(0)
(referred to γ TiO
2 without any adsorption) can be expressed in a simplified model:

Δσ (h) = Δγ + ΔS f ⋅ ΔT ⋅ h +

− A123
+ (− Δγ s ) ⋅ e −h / ξ ,
2
2
12π (h + σ )

(5.3)

which includes three h-dependent interactions: the amorphization energy, the dispersion
interaction, and a short-range interaction.

An SAF is stable if Δσ (h) < 0 , and the

equilibrium thickness corresponds to a local or global minimum in film energy versus
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thickness. Using Eq. (5.3) equilibrium thickness versus temperature was calculated and
shown in Fig. 5.6, with the following parameters: ΔT = (T – 631°C), ΔSf = 1.26
mJ⋅m-2⋅nm-1⋅K-1, ξ = σ = 0.4 nm, A123 = +263 zJ, and -Δγs ≈ -Δγ + (A123/12πσ2) = 0.19
J/m2. A refined model that considers mixing, through-thickness gradients and electrostatic
interactions is needed to yield more quantitative predictions. Nonetheless, agreement
between the model predictions and experiments are satisfactory (Fig. 5.6).

This

proposed model is analogous to the phenomenological theories of premelting [27-29] and
prewetting [31]; in-depth discussions of the relevant thermodynamic models can be found
in Refs. [3, 4].
5.5.2 Film Stability in A Phenomenological Model
In a refined phenomenological model [4], the excess free energy of an SAF of
thickness h is given by:
G x (h) = γ cl + γ lv + ΔGvol ⋅ h + σ interfacial (h) ,

(5.4)

where γ cl + γ lv is the sum of crystal-liquid and liquid-vapor interfacial energies. The
term ΔGvol is the volumetric free energy for forming a hypothesized uniform liquid film
from a mixture of bulk phases
f
ΔGvol = (Gliquid
− ∑ X i μi ) ⋅ ρ ,

(5.5)

i

f
is the liquid formation free energy, Xi average fraction of the ith component
where Gliquid
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in the film, μi a chemical potential of the ith component set by the (equilibrium or
metastable) bulk phases, and ρ (molar) density. This volumetric free energy is positive for
quasi-liquid films equilibrated at subsolidus temperatures, and it can be evaluated via
computational thermodynamics if relevant thermodynamic functions are known [32].
The ΔGvol ⋅ h term is generally the dominant attractive interaction in subsolidus regions
that limits the film thickness [4]. Eq. (5.5) also implies that film thickness should depend
on the chemical potentials of the bulk phases rather than the nominal overall composition
or the fraction of a secondary phase, as shown in Fig. 5.4(a) and Fig. 5.5.
When the film is thin, an extra interfacial free energy term σ interfacial (h) arises,
representing the total contribution of all interfacial forces [4]. For SAFs in oxides, this
term can be expressed as

σ interfacial (h) =

− A123
+ σ short −range (h) + σ elec (h) + ... .
12πh 2

(5.6)

The first term is a long-range London dispersion interaction. The Hamaker constant, A123,
was estimated for the V2O5 on anatase system from the optical and static dielectric
constants of anatase (n = 2.57, ε ≈ 86) [30] and V2O5 (n = 1.97-2.12, ε ≈ 20.1-37.2,
depending on orientation) [33] to be between -88 zJ and -106 zJ [34]. A more accurate
calculation of A123 should use a full-spectrum method [35] and consider the exact V
valence states and film structure (which are currently unknown). Nonetheless, this
estimation suggests that the dispersion force favors complete wetting. Thus, the film
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thickness is likely limited by the ΔGvol ⋅ h term at the subsolidus regime (Fig. 5.16) [4, 5].
In Eq. (5.6), σ short − range (h) is a coupled short-range interaction of structural and chemical
origins, and σ elec (h) is an electrostatic interaction. By selecting the state of h = +∞ as
a reference state, the free energy terms that represent interfacial forces [i.e., σ vdW (h) ,

σ short − range (h) , σ elec (h) etc., but not ΔGvol ⋅ h ] can be consistently defined so that they all
vanish as h Æ +∞.
The excess film free energy, referred to the chemical potentials set by the bulk
phases and the state of h = 0, is given by:
Δσ (h) ≡ G x (h) − γ cv( 0) = Δγ ( 0) + ΔGvol ⋅ h +

− A123
+ σ short −range (h) + σ elec (h) + ... .
12πh 2

(5.7)

Here, Δγ ( 0) ≡ (γ lv + γ cl − γ cv( 0) ) , where γ cv( 0) is the excess free energy of a “clean" surface
without any adsorption [which defers from the true equilibrium γ cv that corresponds to
the global minimum in Eq. (5.4)]. Eq. (5.7) is a free-surface counterpart to the Clarke
model for IGFs [7, 36], and can be considered as a high-temperature colloidal theory with
an additional ΔGvol ⋅ h term.
An "equilibrium" thickness corresponds to a global or local minimum in excess
film free energy versus thickness, which is defined by
d [Δσ (h)]
=0 .
dh
h =heq .

(5.8)

These quasi-liquid surficial films likely form at subsolidus temperatures [1, 10]. A
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prior study reported an eutectic reaction in the TiO2-V2O5 binary system (producing V2O5
and rutile) at ~ 631 °C [10], and it suggested that a V2O5-induced anatase-to-rutile
transition starts at ~ 525 °C. However, our XRD analysis shows a stability of the
nano-sized anatase phase in these systems for annealing up to 600 °C, in which only a
minor fraction of rutile phase formed.

A subsolidus quasi-liquid SAF is

thermodynamically stable if Δσ (h) < 0 , an approximated condition for which is

[

]

ΔGvol ⋅ h < γ cv( 0 ) − (γ lv + γ cl ) .

(5.9)

Stabilization of subsolidus quasi-liquid SAFs in these binary and ternary systems has
phenomenological similarities to the phenomenon of premelting in unary systems [29].
Eq. (5.9) illustrates that this stabilization can be conceived as if the free energy penalty
for forming an undercooled liquid film is more than offset by the reduction of total
interfacial energy resulting from the replacement of a high-energy "clean" crystal surface
with a liquid surface and a crystal-liquid interface.
In an alternative (and equivalent) approach, Eq. (5.7) can be rewritten as
Δσ ( h) = Δγ ( 0) ⋅ f (h) + ΔGvol ⋅ h ,

(5.10)

where the interfacial coefficient [ f (h) ≡ σ interfacial (h) / Δγ ( 0) + 1 ] is defined to represent
the effects of all interfacial forces. By the definition, f (h) ranges from 0 to 1 as h
increases from 0 to ∞. The f (h) term can have multiple minima [37, 38], leading to

121

complex adsorption and wetting phenomena.

Figure 5.22: Schematic illustration of proposed excess free energy vs. film thickness
curves. This illustration explaining observations in Fig. 5.20 implies a first-order
adsorption transition.

5.5.3. A First-order Transition?
The observations of bimodal thickness distributions and their evolution (Fig. 5.21)
indicate the existence of a global minimum (corresponding to monolayer or
submonolayer adsorption) and a metastable minimum (corresponding to ~ 0.55-nm-thick
SAFs) in excess free energy versus film thickness at 450 °C and 400 °C (Fig. 5.22). At
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higher temperatures, the global minimum is associated with nanoscale SAFs. The
interfacial coefficient f (h) determines the specific profile of these minima and the
energy barrier between them [37, 38]. The switch between the global and metastable
minima with changing temperature is likely triggered by the ΔGvol ⋅ h term, which
increases with a reduction of temperature in the subsolidus regime (Fig. 5.22). This
analysis implies a first-order adsorption transition from monolayer to multilayer coverage,
the existence of which is further supported by the observations of the hysteresis loops in
the thickness versus temperature curves and the rather abrupt transitions in film
thicknesses in Fig. 5.20(a) and 5.20(b).
A first-order wetting (adsorption) transition that occurs when the phase doing the
wetting is not yet stable is called a prewetting transition [39]. This prewetting transition,
originally proposed in the Cahn critical point wetting model for binary de-mixed liquids
[31], has been observed in organic systems [40, 41] and in the Pb-Ga liquid metal system
[42, 43]. In the present case, the transition from low- to high- adsorption structures is
coupled with an interfacial disordering transition, occurring at a subsolidus temperature,
to permit an analogy to premelting in unary systems [29]. Thus, it is conceptually useful
to interpret this surface transition as a coupled prewetting [31] and premelting [29]
transition, which leads to the formation of quasi-liquid SAFs with a high level of
adsorption. Further discussions of the phenomenological similarities among equilibrium
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-thickness SAFs and IGFs, prewetting, premelting, and frustrated-complete wetting can
be found in recent review articles [3, 4].
A surface transition can be modeled via a diffuse-interface theory [44], which
combines the Cahn critical point wetting model for surfaces in binary de-mixed liquids
[31] and the Tang-Carter-Cannon model for GBs (IGFs) in binary alloys [8].

In

particular, the energy barrier between the two minima in the free energy versus film
thickness shown in Fig. 5.22 is likely related to the high volumetric free energy for the
intermediate state between a bulk (binary) liquid and a bulk crystal [44].

This energy

barrier is the possible origin of the first-order transition. The hysteresis and bimodal
thickness distributions shown in Fig. 5.20 and Fig. 5.21 are likely related to the
nucleation of small crystallites in surficial films (when the mass transport rate is limited),
and such crystallites can be seen in Fig. 5.1(b).
5.5.4 Additional Discussion
Recent discoveries of multiple GB complexions (phases) with possible GB
transitions in doped Al2O3 by Dillon et al. [45, 46] resolves an outstanding scientific
problem of the abnormal grain growth mechanism. Indications of GB prewetting
/premelting transitions have also been found for Cu-Bi [47-52] and Fe-Si-Zn (where the
primary phases are underlined) [49, 53-56].
Further experiments to characterize catalytic properties of these SAFs are needed.
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Generally, catalytic properties are likely sensitive to the detailed structure of overlayers
(i.e., monolayers or nanoscale surficial films) [57]. The specific co-doping effects likely
depend on the interaction of these respective co-dopants with the dangling V=O bonds.
Furthermore, the co-doping effects are expected to differ for different catalytic reactions.
For selective catalytic reduction of NOx by NH3, MoO3, WO3, and Nb2O5 co-dopants are
known as "promoters," while K2O and Na2O co-dopants are known to have positioning
effects [58, 59]. It is also known that the addition of P2O5 has little effect on the catalytic
activity for butadiene oxidation [58]. While there is likely no general conclusions on
whether the formation of nanometer-thick surficial films and the addition of co-dopants
are beneficial or detrimental on the resultant catalytic properties, the ability to tailor the
structure and composition of these films via controlling thermodynamic variables offer a
new dimension for tailoring supported catalysts at the nanoscale.
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Table 5.1: Summary of measurements of SAFs in V2O5−TiO2 binary systems.
(101) facets
μ±σ

Specimens

Curved

(001) facets

n+(n2) μ ± σ (nm) n / (n2) μ ± σ (nm)

n+(n2) Notes

(nm)

a

a, b

(1.2-14.7)Ti:1V, 600°C(2-24h)

1.11 ± 0.25

109

5.2Ti:1V, 600°C

0.97 ± 0.21

7

a,

5.2Ti:1V, 575°C

0.78 ± 0.13

8

a

5.2Ti:1V, 550°C

0.71 ± 0.12

5

a

5.2Ti:1V, 500°C

0.00

(6)

a

5.2Ti:1V, 600°C+550°C

0.56 ± 0.09

7

a

5.2Ti:1V, 600°C+500°C

0.47 ± 0.06

7

a

5.2Ti:1V,600°C+450°C

0.00

(8)

a

3.1Ti:1V, 600°C

0.94 ± 0.12

18

0.69 ± 0.12

11

0.00

(2)

5.2Ti:1V, 600°C

0.97 ± 0.15

56

0.79 ± 0.20

29

0.89 ± 0.03

5+(3)

8.1Ti:1V, 600°C

0.92 ± 0.21

10

14.6Ti:1V, 600°C

0.61 ± 0.12

15

c

5.2Ti:1V, 600°C(2h)

0.82 ± 0.10

7

c

5.2Ti:1V, 550°C

0.63 ± 0.06

10

These specimens were prepared using 99.7 % pure anatase powder (whereas all other specimens
were prepared using 99.99% pure anatase powder).

b

This set of data includes 15 different specimens prepared using different synthesis routes, overall
nominal compositions, and annealing times. But all these 15 specimens represent V2O5-saturated
specimens equilibrated at 600 °C.

c

Film thicknesses may be limited kinetically.

Note: In table 5.1 and Table 5.2, μ and

σ are the mean and the standard deviation, respectively, of

the thicknesses of measured films, n is the number of independent films observed, and n2 is the
number of surfaces that are devoid of films.
otherwise noted in parentheses.

Anneal time was 4 hours at each temperature unless

For curved surfaces, surfaces that are devoid of films are not

included for computing μ and σ, except that the thicknesses were noted as zero if no films were found.
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Table 5.2: Summary of measurements of SAFs in V2O5−TiO2-based ternary systems
(101) facets
Specimens

μ±σ

Curved

(001) facets

n+(n2) μ ± σ (nm) n / (n2) μ ± σ (nm)

n+(n2)

(nm)
5.2Ti:1V:0.07P, 600°C

0.94 ± 0.22

32

0.80 ± 0.16

8

0.77 ± 0.02

2

5.2Ti:1V:0.1P, 600°C

1.10 ± 0.21

123

1.05 ± 0.31

24

1.12 ± 0.13

2

5.2Ti:1V:0.2P, 600°C

1.22 ± 0.34

42

1.14 ± 0.18

5

5.2Ti:1V:0.4P, 600°C

0.97 ± 0.16

20

1.00 ± 0.17

9

5.2Ti:1V:1P, 600°C

1.15 ± 0.23

17

9.2Ti:1V:0.1P, 550°C

0.99 ± 0.21

12

0.92 ± 0.09

2

0.86

1

5.2Ti:1V:0.1P, 550°C

1.20 ± 0.31

19

1.35 ± 0.33

6

5.2Ti:1V:0.1P, 525°C

0.93 ± 0.13

5

1.10 ± 0.14

5

5.2Ti:1V:0.1P, 500°C

0.00

(7)

0.00

(5)

5.2Ti:1V:0.1P, 550°C+500°C

0.95 ± 0.20

11

1.31 ± 0.37

2

5.2Ti:1V:0.1P, 550°C+450°C

0.45 ± 0.30 20+(4) 0.47 ± 0.09

9

0.62

1

1+(25)

0.00

(5)

5.2Ti:1V:0.1P, 550°C+400°C

0.16 ± 0.25 9+(20)

0.00

(3)

0.00

(1)

5.2Ti:1V:0.1Na, 600°C

1.00 ± 0.14

14

1.14

1

0.00

(1)

5.2Ti:1V:0.1K, 600°C

0.99 ± 0.08

14

5.2Ti:1V:0.1Mo, 600°C

0.76 ± 0.15

16

0.53

1

0.79

1

5.2Ti:1V:0.2Mo, 600°C

0.62 ± 0.10

24

5.2Ti:1V:0.1W, 600°C

0.76 ± 0.10

32

0.84 ± 0.21

6

5.2Ti:1V:0.12W, 600°C

0.61 ± 0.06

18

5.2Ti:1V:0.2W, 600°C

0.55 ± 0.08

9

5.2Ti:1V:1W, 600°C

0.64 ± 0.17

20

5.2Ti:1V:0.1Nb, 600°C

0.82 ± 0.13

13

5.2Ti:1V:0.2Nb, 600°C

0.72 ± 0.17

8

5.2Ti:1V:0.1P, 550°C+450°C(24h)

~0.00
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CHAPTER SIX
CONCLUSIONS
Anisotropic wetting of Bi2O3-rich liquid on ZnO single crystals of different
orientations is correlated with anisotropic adsorption (i.e., submonolayer/monolayer
versus multilayer adsorption). The measured contact angle decreases monotonically with
increasing temperature from 740 to ~860 °C on the {11 20} surfaces where nanometerthick surficial amorphous films or SAFs (a.k.a. multilayer adsorbates) are present in
equilibrium with partial-wetting drops.

In contrast, the contact angle is virtually a

constant for drops on the {1 1 00} surfaces where SAFs are not present.
Furthermore, a crossover in contact angle versus temperature is observed on the
{11 20} surface where the advancing contact angle becomes constant at ~6° above ~ 860
°C. Analysis of two-stage isothermal drop receding kinetics shows that complete wetting
does not occur up to 1050 °C. The receding contact angle, which is the lower bound of
the Young contact angle, is calculated to be ~ 4° via two methods.
The observed contact angle dependence on temperature supports a generalized
Cahn model for wetting in the presence of nanoscale SAFs, where the SAFs thicken with
increasing temperature due to entropic interactions.
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Furthermore, the presence of an attractive London dispersion force of significant
strength should extend the stability regime for nanoscale SAFs to higher temperatures,
delaying or prohibiting the onset of complete wetting. While the formation of facetted
ridges at triple lines results in a significant pinning effect for drop advancement (or
receding), the complete wetting transition predicted from the basic Cahn wetting model is
inhibited by the attractive long-range dispersion force. Quantification of a
thermodynamic model shows that the experimentally-observed "residual" contact angle
of ~ 4-6° can be explained from the magnitude of the attractive dispersion force.
Vanadia-based, equilibrium-thickness, surficial films are observed on TiO2
anatase (101) and (001) facets and curved surfaces in the V2O5-TiO2 binary system, and
in six ternary oxide systems. Co-doping can be used to tune the equilibrium thickness of
these films. The average measured thickness increases with the addition of P, decreases
with the addition of Mo, W, and Nb, and remain stable with the addition of K and Na.
Co-doping can also be used to tailor the film thickness distribution, anisotropy, and
surface coverage.
Furthermore, both film appearance and thickness can be tuned by changing
equilibration temperature and, presumably, other intensive thermodynamic variables.
XPS measurements further support the HRTEM observations of film thickness and
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appearance. XRD and TPR characterization suggest that nanoscale SAFs play important
roles in particle coarsening, anatase-to-rutile phase transformation, and reduction.
Observations of abrupt transitions in film thicknesses, hysteresis loops in the
thickness versus temperature curves, and further analysis of bimodal thickness
distributions and their evolution suggest the possible existence of a first-order monolayerto-multilayer adsorption transition. This observation again supports that these SAFs can
be interpreted as quasi-liquid films formed from coupled premelting and prewetting
transitions in a generalized Cahn critical point wetting model.
In summary, this study contributes to the general high-temperature wetting and
adsorption theories for oxide systems by demonstrating the following key points:
•

The high-temperature wetting in presence of nanoscale SAFs (a.k.a. multilayer
adsorbates) follows a generalized Cahn critical point wetting model.

•

The existence of an attractive vdW London dispersion force can significantly
modify the stability of nanoscale SAFs.

•

Faceted ridges can form at triple lines and result in wetting hysteresis.

•

A first-order monolayer-to-multilayer adsorption can exist (being demonstrated
for the first time to our knowledge), which may be explained as a coupled
prewetting and premelting transition.
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•

The appearance and thickness of nanoscale SAFs can be systematically tuned via
changing intensive thermodynamic variables.
In addition, characterization of more than 850 independent SAFs constitutes the

most systematic measurements that have ever been made. The measurements of film
appearance and thickness as a function of various controlled parameters, along with the
critical in-situ high-temperature wetting measurements with and without nanoscale SAFs,
provide an important dataset for elucidating the general formation mechanisms of SAFs.
Applications of such SAFs of self-selecting thickness in supported oxide catalysts, device
junctions, and morphology control of nanocrystals, among others, can be envisioned.
Finally, this study provides insights into the understandings of analogous
intergranular films or IGFs, which are known to play important roles in the processing
and properties of various structural and electronic ceramics; however, collecting a similar
amount of systematic data or conducting similar in-situ wetting experiments for IGFs at
internal interfaces (grain boundaries) is virtually infeasible.
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APPENDIX
Thickness Histograms for Vanadia-based Films on Anatase (101) and Curved Surfaces
and Representative HRTEM Images:
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Sample: 3.1Ti1V600℃4H
Number of Observations: 18
Mean Thickness: 0.94 nm
Standard Deviation: 0.12 nm
Orientation: (101)

138

139

Sample: G101_5.2Ti1V600C4H
Number of Observations: 56
Mean Thickness: 0.97 nm
Standard Deviation: 0.145 nm
Orientation: (101)

140

141

Sample: Gcur_5.2Ti1V600C4H
Number of Observations: 16
Mean Thickness: 0.79 nm
Standard Deviation: 0.20 nm
Orientation: Curved Surface

142

143

Sample: G8.1Ti1V600C4H
Number of Observations: 10
Mean Thickness: 0.92 nm
Standard Deviation: 0.21 nm
Orientation: (101)

144

145

Sample: G5.2Ti1V600C2H
Number of Observations: 7
Mean Thickness: 0.82 nm
Standard Deviation: 0.10 nm
Orientation: (101)

146

147

Sample: G14.6Ti1V600C4H
Number of Observations: 15
Mean Thickness: 0.62 nm
Standard Deviation: 0.12 nm
Orientation: (101)

148

149

Sample: G5.2Ti1V550C4H
Number of Observations: 10
Mean Thickness: 0.63 nm
Standard Deviation: 0.06 nm
Orientation: (101)

150

151

Sample: G101_5.2Ti1V0.1P525C4H
Number of Observations: 5
Mean Thickness: 0.93 nm
Standard Deviation: 0.13 nm
Orientation: (101)

152

153

Sample: Gcur_5.2Ti1V0.1P525C4H
Number of Observations: 5
Mean Thickness: 1.1 nm
Standard Deviation: 0.14 nm
Orientation: Curved surface

154

155

Sample: G101_5.2Ti1V0.2P600C4H
Number of Observations: 13
Mean Thickness: 1.18 nm
Standard Deviation: 0.21 nm
Orientation: (101)

156

157

Sample: Gcur_5.2Ti1V0.2P600C4H
Number of Observations: 5
Mean Thickness: 1.14 nm
Standard Deviation: 0.18 nm
Orientation: Curved surface

158

159

Sample: G101_5.2Ti1V0.1P550C4H
Number of Observations: 19
Mean Thickness: 1.12 nm
Standard Deviation: 0.31 nm
Orientation: (101)

160

161

Sample: Gcur_5.2Ti1V0.1P550C4H
Number of Observations: 6
Mean Thickness: 1.35 nm
Standard Deviation: 0.327 nm
Orientation: Curved surface

162

163

Sample: G5.2Ti1V0.1P600C4HB
Number of Observations: 27
Mean Thickness: 1.14 nm
Standard Deviation: 0.26 nm
Orientation: (101)

164

165

Sample: G9.2Ti1V0.1P550C4H
Number of Observations: 12
Mean Thickness: 0.99 nm
Standard Deviation: 0.21 nm
Orientation: (101)

166

167

Sample: G5.2Ti1V1P600C4HB
Number of Observations: 17
Mean Thickness: 1.15 nm
Standard Deviation: 0.23 nm
Orientation: (101)

168

(For above case TEM images lost)

169

Sample: G101_5.2Ti1V0.1P600C4H
Number of Observations: 96
Mean Thickness: 1.09 nm
Standard Deviation: 0.19 nm
Orientation: (101)

170

171

Sample: Gcur_5.2Ti1V0.1P600C4H
Number of Observations: 24
Mean Thickness: 1.05 nm
Standard Deviation: 0.30 nm
Orientation: Curved surface

172

173

Sample: G5.2Ti1V0.1P550C4H400C4H
Number of Observations: 29
Mean Thickness: 0.16 nm
Standard Deviation: 0.25 nm
Orientation: (101)

174

175

Sample: G5.2Ti1V0.1P550C4H500C4H
Number of Observations: 11
Mean Thickness: 0.95 nm
Standard Deviation: 0.20 nm
Orientation: (101)

176

177

Sample: G5.2Ti1V0.2P600C4HB
Number of Observations: 29
Mean Thickness: 1.24 nm
Standard Deviation: 0.39 nm
Orientation: (101)

178

179

Sample: G101_5.2Ti1V0.1P550C4H450C4H
Number of Observations: 20
Mean Thickness: 0.45 nm
Standard Deviation: 0.30 nm
Orientation: (101)

180

181

Sample: Gcur_5.2Ti1V0.1P550C4H450C4H
Number of Observations: 7
Mean Thickness: 0.34 nm
Standard Deviation: 0.24 nm
Orientation: Curved surface

182

183

Sample: G101_5.2Ti1V0.4P600C4H
Number of Observations: 20
Mean Thickness: 0.97 nm
Standard Deviation: 0.16 nm
Orientation: (101)

184

185

Sample: Gcur_5.2Ti1V0.4P600C4H
Number of Observations: 9
Mean Thickness: 1.0 nm
Standard Deviation: 0.17 nm
Orientation: Curved surface

186

187

Sample: G101_5.2Ti1V0.07P600C4H
Number of Observations: 32
Mean Thickness: 0.94 nm
Standard Deviation: 0.22 nm
Orientation: (101)

188

189

Sample: Gcur_5.2Ti1V0.07P600C4H
Number of Observations: 8
Mean Thickness: 0.8 nm
Standard Deviation: 0.16 nm
Orientation: Curved surface

190

191

Sample: G5.2Ti1V0.1K600C4H
Number of Observations: 14
Mean Thickness: 0.98 nm
Standard Deviation: 0.08 nm
Orientation: (101)

192

193

Sample: G5.2Ti1V0.1Mo600C4H
Number of Observations: 16
Mean Thickness: 0.76 nm
Standard Deviation: 0.15 nm
Orientation: (101)

194

195

Sample: G5.2Ti1V0.1Na600C4H
Number of Observations: 14
Mean Thickness: 1.0 nm
Standard Deviation: 0.14 nm
Orientation: (101)

196

197

Sample: G5.2Ti1V0.1Nb600C4H
Number of Observations: 13
Mean Thickness: 0.82 nm
Standard Deviation: 0.13 nm
Orientation: (101)

198

199

Sample: G5.2Ti1V0.2Mo600C4H
Number of Observations: 24
Mean Thickness: 0.62 nm
Standard Deviation: 0.1 nm
Orientation: (101)

200

201

Sample: G5.2Ti1V0.2Nb600C4H
Number of Observations: 8
Mean Thickness: 0.72 nm
Standard Deviation: 0.17 nm
Orientation: (101)

202

203

Sample: G5.2Ti1V0.2W600C4H
Number of Observations: 9
Mean Thickness: 0.55 nm
Standard Deviation: 0.08 nm
Orientation: (101)

204

205

Sample: G5.2Ti1V0.12W600C4H
Number of Observations: 18
Mean Thickness: 0.61 nm
Standard Deviation: 0.06 nm
Orientation: (101)

206

207

Sample: G5.2Ti1V1W600C4H
Number of Observations: 20
Mean Thickness: 0.64 nm
Standard Deviation: 0.17 nm
Orientation: (101)

208

209

Sample: G101_5.2Ti1V0.1W600C4H
Number of Observations: 32
Mean Thickness: 0.76 nm
Standard Deviation: 0.10 nm
Orientation: (101)

210

211

Sample: Gcur_5.2Ti1V0.1W600C4H
Number of Observations: 6
Mean Thickness: 0.84 nm
Standard Deviation: 0.21 nm
Orientation: Curved surface

212

213

